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Data processing method and device 



The present invention relates to methods of operating recon- 
figurable arrays of data processing elements. 

When using such arrays, it is desired to optimise the way the 
array is coupled to other units, e. g. to processor if used as 
a coprocessor and/or to optimise the way in which the araray is 
configured. 

The present invention aims at providing improvements over the 
prior art. 

It is to be noted that the disclosure of the present invention 
does comprise several major parts in i_ts description that all 
refer to ways of allowing for an optimum use of the array and 
hence are closely related to each other. 

It is also to be noted that the parts do comprise a plurality 
of figures that the text relates to however without always 
giving ah exact, precise and correct reference. Yet any devia- 
tions from correct referencing will be obvious to. the average 
skilled person. 
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1 Executive Summary 



The study is concerned with three objectives: 

1. Proposal of a hardware framework, which enables an efficient integration of the PACT XPP 
core into a standard RISC processor architecture. 

2. Proposal of a compiler for the coupled TUSC+XPP hardware. Thus compiler decides automati- 
cally which part of a source code is executed on the RISC processor and which part is exe- 
cuted on the PACT XPP. 

3 . Presentation of a number of case studies demonstrating which results may be achieved by us- 
ing the proposed C Compiler in cooperation with the proposed hardware framework. 

The proposed hardware framework accelerates the XPP core in two respects. First, data throughput is 
increased by raising the XPP's internal operating frequency into the range of the RISC's frequency. 
This, however, means that the XPP runs into the same pit like all high frequency processors - memory 
accesses become very slow compared to processor internal computations. This is why the use of a 
cache is proposed. It eases the memory access problem for a large range of algorithms, which are well 
suited for an execution on the XPP. The cache as second throughput increasing feature requires a con- 
troller. Hence a programmable cache controller is introduced, which manages the cache contents a_nd 
feeds the XPP core. It decouples the XPP core computations from the data transfer so that, for in- 
stance, data preload to a specific cache sector taJkes place while the XPP is operating on data located in 
a different cache sector. 

Another problem emerging with a coupled RISC+XPP hardware is concerned with the RISCs multi- 
tasking concept. It becomes necessary to interrupt computations on the XPP in order to perform a task 
switch. Multitasking is supported by the proposed compiler, as well as by. the proposed hardware. 
First, each XPP configuration is considered as an uninterruptible entity. This means that the compiLer, 
which generates the configurations, takes care that the execution time of any configuration does pot 
exceed a predefined time slice. Second, the cache controller is concerned with the saving and restoring 
of the XPP's state after an interrupt. The proposed cache concept minimizes the memory traffic for 
interrupt handling and frequently even allows avoiding memory accesses at all. 

Finally, the proposed caphe concept is based on a simple IRAM cell structure allowing for an easy 
scalability of the hardware - extending the XPP cache size, for instance, requires not much more mtan 
the duplication of IRAM cells. 

The study proposes a compiler for a RiSC+XPP system. The objective of the compiler is that real- 
world applications, which are written in the C language, can be compiled for a RISC+XPP system. 
The compiler removes the necessity of developing NML code for the XIPP by hand. It is possible, in- 
stead, to implement algorithms in the C language or to directly use existing C applications without 
much adaptation to the XPP system. The proposed compiler includes tixree major components to per- 
form the compilation process for the XPP: 

1 . partitioning of the C source code into RISC and XPP parts, 

2. transformations to optimize the code for the XPP and 
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3 . generating NML code. 
Finally the generated NML code is placed and routed for the XPP. 

The partitioning component of the compiler decides which parts of an application code can be exe- 
cuted on the XPP and which parts are executed on the RISC. Typical candidates for becoming XPP 
code are loops with a large number of iterations whose loop bodies are dominated by arithmetic op- 
erations. The remaining source code - including the data transfer code - is compiled for the RISC. 

The proposed compiler transforms the XPP code such that it is optimized for NML code generation. 
The transformations included in the compiler comprise a large number oF loop transformations as well 
as general code -transformations. Together with data and code analysis the compiler restructures the 
code so that it fits into the XPP array and that the final performance exceeds the pure RISC perform- 
ance. Finally the compiler generates NML code from the transformed program. The whole compilation 
process is controlled by an optimization driver which selects the optimal order of transformations 
based on the source code. 

The case studies build a major aspect of the study. The selection of the examples is conducted by the 
guiding principle that each example stands for a set of typical real-world applications. For each exam- 
ple the study demonstrates the work of the proposed compiler. First the code is partitioned. The code 
transformations, which are done by the compiler, are shown and explained. Some examples require 
minor source code transforaaticms-Which must be performed by hand. The study argues that these 
transformations are either too expensive, or too specific to make sense to be included in the proposed 
compiler. Dataflow graphs of the transformed codes are constructed for each example, which are used 
by the compiler to generate the NML code. In addition the XPP resource usages are shown. 

The case studies demonstrate that a compiler containing the proposed transformations can generate 
efficient code from numerical applications for the XPP. This is possible because the compiler relies on 
the features of the suggested hardware, like the cache controller. 
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2 Hardware 



2.1 Design Parameter Changes 

Since the XPP core shall be integrated as a functional unit into a standard RISC core, some system 
parameters have to be reconsidered: 

2.1.1 Pipelining/ Concurrency /Synchronicity 

RISC instructions of totally different type (Ld/St, ALU, MuL/Div/MAC, FPALU, FPIMul...) are exe- 
cuted in separate specialized functional units to increase the fraction of silicon that is busy on average. 
Such functional unit separation has led to superscalar RISC designs, that exploit higher levels of par- 
allelism. 

Each functional unit of a RISC core is highly pipelined to improve throughput. Pipelining overlaps the 
execution of several instructions by splitting them into unrelated phases, which are executed in differ- 
ent stages of the pipeline. Thus different stages of consecutive instructions can be executed in parallel 
with each stage taking much less time to execute. This allows higher core frequencies. 

Since the pipelines of all functional units are approximately subdivided into sub-operations of the 
same size (execution time), these functional units / pipelines execute in a highly syhcluronous manner 
with complex floating point pipelines being the exception. 

Since the XPP core uses data floAV computation, it is pipelined by design. However, a. single configu- 
ration usually implements a loop of the application, so the configuration remains active for many cy- 
cles, unlike the instructions in every other functional unit, wtiich typically execute for one or two cy- 
cles at most. Therefore it is still worthwhile to consider the separation of several phases (e.g.: Ld / Ex 
/ Store) of an XPP configuration (= XPP instruction) into several functional units to improve 
concurrency via pipelining on this coarser scale. This also improves throughput, and response time in 
conjunction with multi tasking operations and implementations of simultaneous multithreading (SMT). 

The multi cycle execution time also forbids a strongly synchronous execution scheme and rather leads 
to an asynchronous scheme, like for e.g. floating point square root units. This in turn necessitates the 
existence of explicit synchronization instructions. 

2.1 .2 Core frequency / Memory Hierarchy 

As a functional unit, the XPP's operating frequency will either be half of the core frequency or equal 
to the core frequency of the RISC. Almost every RISC core currently on the market exceeds its mem- 
ory bus frequency with its core frequency by a larger factor. Therefore caches are employed, forming 
what is commonly called the memory hierarchy: Each layer of cache is larger but slower than its 
predecessors. 
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This memory hierarchy does not help to speed up computations which shuffle large amounts of data, 
with little or no data reuse. These computations are called "boixnded by memory bandwidth". However 
other types of computations with more data locality (another name for data reuse) gain performance as 
long as they fit into one of the upper layers of the memory hierarchy. This is the class of" applications 
that gain, the highest speedups when a memory hierarchy is introduced. 

Classical vectorization can be used to transform memory-bounded algorithms, with a data set too big 
to fit into the upper layers of the memory hierarchy. Rewriting the code to reuse smaLler data sets 
sooner exposes memory reuse on a smaller scale. As the new data set size is chosen to fit into the 
caches of the memory hierarchy, the algorithm is not memory bounded any more, yielding significant 
speed-ups. 

2.1.3 Software / Multitasking Operating Systems 

As the XPP is introduced into a RISC core, the changed environment - higher frequexicy and the 
memory hierarchy - not only necessitate reconsideration of hiardware design parameters, but also a 
reevaluation of the software environment. 

Memory Hierarchy 

The introduction of a memory hierarchy enhances the set of applications that can be implemented effi- 
ciently. So far the XPP has mostly been used for algorithms tha-t read their data sets in a linear manner, 
applying some calculations in a pipelined fashion and writing the data back to memory. A^s long as all 
of the computation fits into the XPP array, these algorithms are memory bounded. Typical applications 
are filtering and audio signal processing in general. 

But there is another set of algorithms, that have even higher computational complexity and higher 
memory bandwidth requirements. Examples are picture and -video processing, where a second and 
third dimension of data coherence opens up. This coherence is e.g. exploited by picture and video 
compression algorithms, that scan pictures in both dimensions "to find similarities, even searching con? 
secutive pictures of a video stream for analogies. Naturally these algorithms have a much liigher algo- 
rithmic complexity as well as higher memory requirements. Ye^t they are data local, either "by design or 
they can be transformed to be, thus efficiently exploiting the memory hierarchy and the higher clock 
frequencies of processors with memory hierarchies. 

Multi Tasking 

The introduction into a standard RISC core makes it necessary to understand and support the needs of 
a multitasking operating system, as standard RISC processors are usually operated in multitasking 
environments. With multitasking, the operating system switches the executed application on a regular 
basis, thus simulating concurrent execution of several applications (tasks). To switch taslcs, the oper- 
ating system has to save the state (e.g. the contents of all registers) of the running task and then reload 
the state of another task. Hence it is necessary to determine wtiat the state of the processor is, and to 
keep it as small as possible to allow efficient context switches. 

Modern microprocessors gain their performance from multiple specialized and deeply pipelined func- 
tional units and high memory hierarchies, enabling high core frequencies. But high memory hierar- 
chies mean that there is a high penalty for cache misses due to the difference between core and mem- 
ory frequency. Many core cycles pass until the values are finaLly available from memory. Deep pipe- 
lines incur pipeline stalls due to data dependencies as well as blanch penalties for mispredicted condi- 
tional branches. Specialized functional units like floating poimt units idle for integer-onl^ programs. 
For these reasons, average functional unit utilization is much too low. 
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The newest development with RISC processors, Simultaneous MultiThreading (SMT), adds hardware 
support for a finer granularity (instruction / functional unit level) switching of tasks, exposing more 
than one independent instruction stream to be execxited. Thus, whenever one instruction stream stalls 
or doesn't utilize all fVmctional units, the other one can jump in. This improv&s functional unit utiliza- 
tion for today's processors. 

With SMT, the task Cprocess) switching is done in hardware, so the processor state has to be dupli- 
cated in hardware. So again it is most efficient to keep the state as small as possible. For the combina- 
tion of the PACT XPI* and a standard RISC processor, SMT is very beneficial, since the XPP configu- 
rations execute longer than the average RISC instruction. Thus another task can utilize the other func- 
tional units, while a configuration is running. On the other side, not every task: will utilize the XPP, so 
while one such non-XPP task is running, another one will be able to use the XPP core. 

2.2 Communication Between the RISC Core and the 
XPP Core. 

In the following section introduces several possible liardware implementations for accessing memory. 

22A Streaming 

Since streaming can only support (nuraber_of JO_ports * width_of_IO_port) "bits per cycle, it is only 
well suited for small XPP arrays with heavily pipelined configurations that feature few inputs and out- 
puts. As the pipelines take a long time to fill and empty while the running time of a configuration is 
limited (as described under "context switches"), this type of communication, does not scale well to 
bigger XPP arrays and XPP frequencies near the RISC core frequency. 

■ Streaming from the RISC core 

In this setup, the RISC supplies the XPP array with the streaming data. Since the RISC core 
has to execute several instructions to compiite addresses and load an item from memory, this 
setup is only suited, if the XPP core is reading data with a frequency much lower than the 
RISC core frequency. 

■ Streaming via DMA 

In this mode the RISC core only initializes a DMA channel which then supplies the data items 
to the streaming port of the XPP core. 

2.2.2 Shared Memory (Main Memory) 

In this configuration the XPP array configuration uses a number of PAEs to gexierate an address that is 
used to access main memory through the IO ports. -As the number of IO ports is very limited this ap- 
proach suffers from tlie same limitations as the previous one, although for Iairger XPP arrays there is 
less impact of using PAEs for address generation. However this approach is still useful for loading 
values from very sparse-vectors. 

2.2.3 Shared Memory (IRAM) 

This data access mechanism uses the IRAM elements to store data for local computations. The IRAMs 
can either be viewed as vector registers or as local copies of main memory. 
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There are several ways to fill the IRAMs with data. 

1 . The IRAMs are loaded in advance by a separate configuration using streaming. 

This method can be implemented with the current XPP architecture. The IRAMs act as vector 
registers. As explicated above, this will limit trxe performance of the XPP array, especially as 
the IRAMs will always be part of the externally visible state and hence must be saved and re- 
stored on context switches. 

2. The IRAMs can be loaded in advance by separate load-instructions. 

This is similiar to the first method. Load-instruotions are implemented in hardware which load 
the data into the IRAMs. The load-instructions can be viewed as hard coded load- 
configuration. Therefore configuration reloads are reduced. Additionally the special load- 
instructions may use a wider interface to the memory hierarchy. Therefore a more efficient 
method than streaming can be used. 

3. The IRAMs can be loaded by a "burst preload from memory" instructioxi of the cache con- 
troller. No configuration or load-instruction is needed on the XPP. The ERAM load is imple- 
mented in the cache controller and triggered by the RISC processor. But th_e IRAMs still act as 
vector registers and are therefore included in the externally visible state. 

4. The best mode however is a combination of trie previous solutions with* the extension of a 
cache: 

A preload instruction maps a specific memory area defined by starting address and size to an 
IRAM. This triggers a (delayed, low priority) burst load from the memory hierarchy (cache). 
After all IRAMs are mapped, the next configuration can be activated. The activation incurs a 
wait until ail burst loads are completed. However, if the preload instructions are issued long 
enough in advance and no interrupt or task switch destroys cache locality, the wait will not 
consume any time. 

To specify a memory block as output-only IRAJM, a "preload clean" instraction is used, which 
avoids loading data from memory. The "preload clean" instruction just indicates the IRAM for 
write back. 

A synchronization instruction is needed to makie sure that the content ofT a specific memory 
area, which is cached in IRAM, is written bacl< to the memory hierarchy. This can be done 
globally (full write back), or selectively by specifying the memory areau, which will be ac- 
cessed. 



2.3 State of the XPP Core 

As described in the previous section, the size of the state is crucial for the efficiency of context 
switches. However, although the size of the state is fixesd for the XPP core, it depends on the declara- 
tion of the various state elements, whether they have to b>e saved or not. 

The state of the XPP core can be classified as 

1 Read only (instruction data) 

configuration data, consisting of PAE configuration and routing configuration data 

2 Read - Write 

■ the contents of the data registers and latches of ttie PAEs, which are driven onto the busses 

■ the contents of the IRAM elements 
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2.3.1 Limiting Memory Traffic 

There are several possibilities to limit the amount of memory traffic during context switches. 

Do not save read-only data 

This avoids storing configuration data, since configuration data is read only. The current configuration 
is simply overwritten by the new one. 

Save.less-data- 

If a configuration is defined to be uninterruptible (non pre-emptive), all of the local state on the busses 
and in ftfpAEs can be declared as scratch. His means that every configuration gets *s input data 
from melRASs and writes its output data to the IRAMs. So after the configuration has finished all 
information in the PAEs and on the buses is redundant or invalid and does not have to be saved. 

Save modified data only 

To reduce the amount of R/W data, which has to be saved, we need to keep ti^oftemodifiortica 
state of the different entities _Ihis-incurs a silicon area penalty for the additional dirty bits. 

Use caching to reduce the memory traffic 

The configuration manager handles manual preloading of configurations. Preloading will help in par- 
SdSgC memory transfers with other computations during _fce task s^iteh 
reduce the memory traffic for frequent context switches, provided that a Least Recently Used (LRIO 
replacement strategy is implemented in addition to the preload mechanism. 

The IRAMs can be defined to be local cache copies of main memory as proposed as fourth method ua 
sSion223^.en each IRAM is associated with a starting address and «°^<**™ 
£ Tte IRAM memory cells are replicated. An IRAM PEA contains an IRAM block with mulnpte 
IRAM instances. Only trie starting addresses of the IRAMs have to be saved and restored as context^ 
The^affing addresses for the IRAMs of the current configuration select the IRAM instances witti 
identical addresses to be used. 

If no address tag of an IRAM instance matches the address of the newly loaded context, the corre- 
sponding memory area is loaded to an empty IRAM instance. 

If no empty IRAM instance is available, a clean (unmodified) instance is declared empty (and hence 
must be reloaded later on). 

If no clean IRAM instance is available, a modified (dirty) instance is cleaixed by writing its data bac* 
to main memory. This adds a certain delay for the -write back. 

This delay can be avoided, if a separate state machine (cache controller) tries to clean inactive IRAM 
instances by using unused memory cycles to write back the IRAM instances contents. 

2.4 Context Switches 

Usually a processor is viewed as executing a single stream of instructions. But today's "j""** 
operating systems support hundreds of tasks being executed on a single processor ™» » ?^Jg 
switching contexts, where all, or at least the most relevant parts of the processor state, which belong to 
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the current task - the task's context - is exchanged with the state of ano-ther task, that will be executed 



next. 



There are three types of context switches: switching of virtual processors with simultaneous multi- 
threading (SMT, also known as HyperThreading), execution of an Interrupt Service Routine (ISR) and 
a Task Switch. 

2.4.1 SMTVirtualProcessorSwitch 

This type of context switch is executed without software interaction, totally in hardware. Instructions 
of several instruction streams are merged into a single instruction stream to increase instruction L<evel 
parallelism and improve functional unit utilization. Hence the processor state cannot be stored to and 
reloaded from memory between instructions from different instruction streams: Imagine the worst -case 
of alternating instructions from two streams and the hundreds to thousand of cycles needed to write the 
processor state to memory and read in another state. 

Hence hardware designers have to replicate the internal state for every virtual processor. Every in- 
struction is executed within the context (on the state) of the virtual processor, whose program counter 
was used to fetch the instruction. By replicating the state, only the multiplexers, which have to be in- 
serted to select one of the different states, have to be switched. 

Thus the size of the state also increases the silicon area needed to implement SMT,. so the size of: the 
state is crucial for many design decisions. 

2.4.2 Interrupt Service Routine 

This type of context switch is handled partially by hardware and partially by software. All of the state 
modified by the ISR has to be saved on entry and must be restored on exit. 

The part of the state, which is destroyed by the jump to the ISR, is sa-ved by hardware (e.g. the pro- 
gram counter). It is the ISR's responsibility to save and restore die state of all other resources, tba* are 
actually used within the ISR. 

The more state information to be saved, the slower the interrupt respon.se time will be and the greater 
the performance impact will be if external events trigger interrupts at a fcugh rate. 

The execution model of the instructions will also affect the tradeoff between short interrupt latencies 
and maximum throughput: Throughput is maximized if the instructions in the pipeline are finished, 
and the instructions of the ISR are chained. This adversely affects the interrupt latency. If however 
the instructions are abandoned (pre-empted) in favor of a short interrupt latency, they must be fetched 
again later, which affects throughput The third possibility would be to save the internal state o* the 
instructions within the pipeline, but this requires too much hardware effort. Usually this is not done. 

2.4.3 Task Switch 

This type of context switch is executed totally in software. All of a task's context (state) has to be 
saved to memory, and the context of the new task has to be reloaded. Since tasks are usually allowed 
to use all of the processor's resources to achieve top performance, all of the processor state has to be 
saved and restored; If the amount of state is excessive, the rate of context switches must be decreased 
by less frequent rescheduling, or a severe throughput degradation will result, as most of the tune will 
be spent in saving and restoring task contexts. This in turn increases the: response time for the tasks. 
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2.5 A Load Store Architecture 

We propose an XPP integration as an asynchronously pipelined functional unit for the RISC. We fur- 
trier propose an explicitly preloaded cache for the IRAMs, on top of the memory hierarchy existing 
within the RISC (as proposed as fourth method in section 2.2.3). Additionally a de-centralized explic- 
itly preloaded configuration cache within the PAE array is employed to support preloading of configu- 
rations and fast switching between configurations. 

Since the IRAM content is an explicitly preloaded memory area, a virtually unlimited number of such 
IRAMs can be used. They are identified by their memory address and their size. The IRAM content is 
explicitly preloaded by the application. Caching will Increase performance by reusing data from the 
memory hierarchy. The cached operation also eliminates the need for explicit store instructions; they 
are handled implicitly by cache write back operations "but can also be forced to synchronize with the 
RISC. 

The pipeline stages of the XPP functional unit are Load, Execute and Write Back (Store). The store is 
executed delayed as a cache write back. The pipeline stages execute in an asynchronous fashion, thus 
hiding the variable delays from the cache preloads and the PAE array. 

The XPP functional unit is decoupled of the RISC by a. FIFO, which is fed with the XPP mstractions. 
At the head of this FIFO, the XPP PAE consumes and executes the configurations and the preloaded 
IRAMs. Synchronization of the XPP and the RISC is done explicitly by a synchronization instruction. 

Instructions 

In the following we define the instruction formats needed for the proposed architecture. We use a C 
style prototype definition to specify data types. All instructions, except the XPPSync instruction exe- 
cute asynchronously. The XPPSync instruction can be utsed to force synchronization. 

XPPPreloadConfig (void *ConfigurationStartAddress) 

The configuration is added to the preload FIFO to be loaded into the configuration cache within the 
PAE array. 

Note that speculative preloads are possible, since successive preload commands overwrite the previ- 

TThe parameter is a pointer register of the RISC pointer register file. The size is implicitly contained in 
the configuration. 

XPPPreload (int IRAM, void *StartAddress, int Size) 
XPPPreloadClean (int IRAM, void *StartAddress, int Size) 

This instruction specifies the contents of the IRAM for the next configuration execution. In fact, the 
memory area is added to the preload FIFO to be loaded into the specified IRAM.. 

The first parameter is the IRAM number. This is an immediate (constant) value. 
The second parameter is a pointer to the starting address. This parameter is provided in a pointer reg- 
ister of the RISC pointer register file. . 
The third parameter is the size in units of 32 bit words. This is an integer value. It resides in a general- 
purpose register of the RISC's integer register file. 

The first variant actually preloads the data from memory. 

The second variant is for write-only accesses. It skips ttie loading operation. Thus no cache misses can 
occur for this IRAM. Only the address and size are defined. They are obviously needed for the write 
back operation of the IRAM cache. 
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Note that speculative preloads are possible, since successive preload commands to the same IRAM 
overwrite each other (if no configuration is executed inbetween). Thus only the last preload command 
is actually effective, when the configuration is executed. 

XPPExecute 0 

This instruction executes the last preloaded configuration with the last preloaded IRAM contents. Ac- 
tually a configuration start command is issued to the FIFO. Then the FIFO is advanced; this means that 
further preload commands will specify the next configuration or parameters for the next configuration. 
Whenever a configuration finishes, the next one is consumed from the head of the FIFO, if its start 
command lias already been issued. 

XPPSync <void *StartAddress, int Size) 

This instruction forces write back operations for all IRAMs that overlap the given memory area. If 
overlapping IRAMs are still in use by a configuration or preloaded to be used, this operation will 
block Giving an address of NULL (zero) and a size of MAX_LNT (bigger than the actual memory), 
this instruction can also be used to wait until all issued configurations finish. 
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2.5.1 A Basic Implementation 
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Figure 1: Memory interface 
Hie XPP core shares the memory hierarchy with the RISC core using a special cache controller. 



XPPPreloadConfig( XppCfg_foo ); 

for(|jxt i^0;i<1000;++i) { 

XPPPreIoad( 2, &a[i*30], 30 ); 

XPPPreload( 0, &b[i*20Q], 200 ); 

XPPPreloadClean< 5, &c[i*10], 10 ); 

XPPExccute( .); 

/• 

Other RISC computations ... 

In th.e meanwhile the burst preloads and 

the previous configuration are running; 

The new configuration is executed as soon 

as the preloads and the previous 

configuration are finished. 

New burst preloads can be issued 

according to the FIFO length. 

»/ 

} 

Note: in all places where constants are used, 
the value should actually come from a register 
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The preload-FIFOs in the above figure contain the addresses and sizes for already issued IRAM pre- 
loads exposing them to the XPP cache controller. The FIFOs have to be duplicated for every virtual 
processor in an SMT environment. Tag is the typical tag for a cache line containing starting address, 
size and state {empty I clean I dirty I in-use). The additional in-use state signals usage by the current 
configuration. The cache controller cannot manipulate these IRAM instances. 

The execute configuration command advances all preload FIFOs, copying the old state to the newly 
created entry. This way the following preloads replace the previously used IRAMs and configurations. 
If no preload is issued for an IRAM before the configuration is executed, the preload of the previous 
configuration is retained. Therefore it is not necessary to repeat identical preloads for an IRAM in 
consecutive configurations. 
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Figure 3: Asynchronous pipeline of the XPP 

Each configuration's execute command has to be delayed (stalled) until all necessary preloads are 
finished either explicitly by the use! of a synchronization, command or implicitly oy the cache control- 
ler. Hence the cache controller (XPP Ld/St unit) has to liandle the synchronization and execute com- 
mands as well, actually starting the configuration as soon as all data is ready. After the termination of 
the configuration, dirty IRAJMs are written back to memory as soon as possible, Lf their content is not 
reused in the same IRAM. Therefore the XPP PAE array and the XPP cache controller can be seen as a 
single unit since they do not have different instruction streams: rather, the cache controller can be seen 
as the configuration fetch (CF), operand fetch (OF) (IRAJM preload) and write back (WB) stage of the 
XPP pipeline, also triggering the execute stage (EX) (PAE array). 

Due to the long latencies, and their non-predictability (cache misses, variable lexigth configurations), 
the stages can be overlapped several configurations wide using the configuration and data preload 
FIFO (=pipeline) for loose coupling. So if a configuration is executing and the data for the next has 
already been preloaded, the data for the next but one configuration is preloaded; These preloads can be 
speculative; the amount of speculation is the compiler's trade-off. The reasonable length of the preload 
FIFO can be several configurations; it is limited by diminishing returns, algoiithm properties, the 
compiler's ability to schedule preloads early and by silicon usage due to the IRA1M duplication factor, 
which has to be at least as big as the FIFO length. Due to this loosely coupled operation, the inter- 
locking - to avoid data hazards between IRAMs - cannot; be done optimally by software (scheduling), 
but has to be enforced by hardware (hardware interlocking). Hence the XPP cactie controller and the 
XPP PAE array can be seen as separate but not totally independent functional units. 
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Figure 4: State transition diagram for the XPP cache controller 

The XPP cache controller has several tasks. These are depicted as states In the above diagram. State 
transitions take place along the edges between states, whenever the condition for the edge is true. -As 
soon as the condition is not true any more, the reverse state transition takes place. The activities for the 
states are as follows: 

At the lowest priority, the XPP cache controller lias to fulfill already issued preload commands, wh_ile 
writing back dirty IRAMs as soon as possible. 

As soon as a configuration finishes, the next configuration can be started- This is a more urgent tatsk 
than write backs or future preloads. To be able to do that, all associated yet unsatisfied preloads ha.ve 
to be finished first. Thus they are preloaded with the high priority inherited from the execute state. 

A preload in turn can be blocked by an overlapping in-use or dirty IRAM instance in a different blook 
or by the lack of empty IRAM instances in the target IRAM block. The former can be resolved *>y 
waiting for the configuration to finish and / or by a write back. To resolve the latter, the least recently 
used clean IRAM can be discarded, thus becoming empty. If no empty or clean IRAM instance exists, 
a dirty one has to be written back to the memory hierarchy. It cannot occur that no empty 9 clean or 
dirty IRAM instances exist, since only onpntfftTtrr frtuufre in-use and there should be more than omie 
instance in an IRAM block - otherwise no 
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In an SMT environment the load FIFOs have to be replicated for every virtual processor. The pipelines 
of the functional units are fed from the shared fetch / reorder / issue stage. All functional units execute 
in parallel. Different units can execute instructions of different virtual processors. 
So we get the following design parameters with their smallest initial value: 

IRAM length: t 128 words 

The longer the IRATvI length, the longer the running time of the configuration and the less influ- 
ence the pipeline startup has. 

FIFO length: ' 1 

This parameter helps to hide cache misses durirxg preloading: The longer the FIFO length, the 
less disruptive is a series of cache misses for a single configuration. 

IRAM duplication factor: (pipeline stages+caching fac*or)*virtual processors: 3 

Pipeline stages is the number of pipeline stages LD/EX/WB plus one for every FIFO stage 

above one: 3 

Caching factor is the number of IRAM duplicates* available for caching: 0 

Virtual processors is the number of virtual process sors with SMT: 1 

The size of the state of a virtual processor is mainly dependent on the FIFO length. It is: 

FIFO length * #IKAM ports * (32 bit (Address) + 32 bit (Size)) 
This has to be replicated for every virtual processor. 
The total size of memory used for the IRAMs is: 

#IRAM ports * IRAM duplication factor* IRAM length * 32 bit 

A first implementation will probably keep close to tHe above-stated minimum parameters, using a 
FIFO length of one y an IRAM duplication factor of fouj, an IRAM length of 128 and no simultaneous 
multithreading. 

2.5.2 Implementation Improvements 

Write Pointer 

To further decrease the penalty for unloaded IRAMs, a simple write pointer may be used per IRAM, 
which keeps track of the last address already in the IRAM. Thus no stall is required, unless an access 
beyond this write pointer is encountered. This is especially useful, if all IRAIMshave to be reloaded 
after a task switch: The delay to the configuration start can be much shorter, especially, if the preload 
engine of the cache controller chooses the blocking IRAM next whenever several IRAMs need further 
loading. 

Longer FIFOs 

The frequency at the bottom of the memory hierarchy (main memory) cannot be raised to the same 
extent as the frequency of the CPU core. To increase ttie concurrency between the RISC core and the 
PACT XPP core, the prefetch FIFOs in the above drawing can be extended. Thus the IRAM contents 
for several configurations can be preloaded, like the configurations themselves. A simple convention 
makes clear which IRAM preloads belong to which configuration: the configuration execute switches 
to the next configuration context This can be accomplished by advancing the FIFO write pointer with 
every configuration execute, while leaving it unchanged after every preload. IJnassigned IRAM FIFO, 
entries keep their contents from the previous configuration, so every succeeding configuration will use 
the preceding configuration's IRAMx if no different HLAMx was preloaded. 
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If none of the memory areas to be copied to ER^AMs is in any cache, extending the FIFOs does neat 
help, as the memory is the bottleneck- So the cache size should be adjusted together with the FIFO 
length. 

A drawback of extending the FIFO length is the increased likelihood that tfcie IRAM content written h>y 
an earlier configuration is reused by a later one in another IRAM. A cache coherence protocol cam 
clear the situation. Note however that the situation can be resolved more easily: If an overlap between 
any new IRAM area and a currently dirty IRAM contents of another IRAM bank is detected, the ne-w 
IRAM is simply not loaded until the write back of the changed IRAM has finished. Thus the execution 
of the new configuration is delayed until the correct data is available. 

For a short (single entry) FIFO, an overlap is extremely unlikely, since the compiler will usually leave 
the output IRAM contents of the previous configuration in place for the next configuration to skip thie 
preload. The compiler does so using a coalescing algorithm for the IRAMs / vector registers. The coa- 
lescing algorithm is tihe same as used for register coalescing in register allocation. 

Read Only IRAMs 

Whenever the memory, that is used by the executing configuration, is the source of a preload coin- 
mand for another IRAM, an XPP pipeline stall occurs: The preload can only be started, when the con- 
figuration has finished, and - if the content was modified - the memory content has been written to tine 
cache. To decrease the number of pipeline stalls, it is beneficial to add an additional read-only IRAK/I 
state. If the IRAM is read only, the content cannot be changed, and the preload of the data to the other 
IRAM can proceed without delay. This requires an extension to the preload instructions: The XppPre- 
load and the XppPreloadClean instruction formats can be combined to a single instruction format, that 
has two additional bits, stating whether the IRAM will be read and/or written. To support debugging, 
violations should be checked at the IRAM ports, raising an exception when needed 

2.5.3 Support for Data Distribution and Data Reorganization 

The IRAMs are blockc-oriented structures, which can be read in any order by the PAE array. Howevear, 
the address generation, adds complexity, reducing the number of PAEs available for the actual compu- 
tation. So it is best, if the IRAMs are accessed in linear order. The memory hierarchy is block oriented 
as well, further encouraging linear access patterns in the code to avoid cache misses. 

As the IRAM read ports limit the bandwidth between each IRAM and the F*AE array to one word rea_d 
per cycle, it can be beneficial to distribute the data over several IRAMs to remove this bottleneck. Thae 
top of the memory hierarchy is the source of the . data, so the amount of cache misses never increases 
when the access pattern is changed, as long as the data locality is not destroyed. 

Many algorithms access memory in linear order "by definition to utilize block reading and simple ad- 
dress calculations. In most other cases and in the cases where loop tiling is needed to increase the da*a 
bandwidth between the IRAMs and the PAE array, the code can be transformed in a way that data ms . 
accessed in optimal order. In many of the remaining cases, the compiler can modify the access pattern 
by data layout rearrangements (e.g. array merging), so that finally the data is accessed in the desiresd 
pattern. If none of these optimizations can be used because of dependencies, or because the data layout 
is fixed, there are still two possibilities to improve performance: 

Data Duplication 

Data is duplicated in several IRAMs. This circumvents the IRAM read port bottleneck, allowing sevr 
eral data items to be read from the input every cycle. 
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Several options are possible with a common drawback: data duplication can only be applied to input 
data: output IRAJMs obviously cannot have overlapping address ranges.. 

o Using several IRAM preload commands specifying just different target IRAMs: 

This way cache misses occur only for the first preload. All other preloads will take place without 
cache misses - only the time to transfer the data from the top of the memory hierarchy "to the 
IRAMs is needed for every additional load. This is only beneficial, if the cache misses plias the 
additional transfer times do not exceed the execution time for the configuration. 

o Using an IRAM preload instruction to load multiple IRAMs concurrently: 

As identical data is needed in several IRAMs, they can be loaded concurrently by writing the 
same values to all of them. This amounts to finding a clean TRAM instance for every target 
IRAM, connecting them all to the bus and writing the data to the bus. 
The problem with this instruction is that it requires a bigger immediate field for the destination 
(16 bits instead of 4 for the XPP 64). Accordingly this instruction format grows at a highear rate, 
when the number of IRAMs is increased for bigger XPP arrays. 

The interface of this instruction looks like: 

XPPPreloadMuItiple (int IRAMS, void * Start Address, int Suee) 

This instruction behaves as the XPPPreload / XPPPreloadCleanL instructions with the exception 
of the first parameter: 

The first parameter is IRAMS. This is an immediate (constant) \ralue. The value is a bitmap - for 
every bit in the bitmap, the IRAM with that number is a target for the load operation. 

There is no "clean" version, since data duplication is applicable for read data only. 

Data Reordering 

Data reordering changes the access pattern to the data only. It does not change the amount of memory 
that is read. Thus the number of cache misses stays the same. 

o Adding additional functionality to the hardware: 

o Adding a vector stride to trie preload instruction. 

A stride (displacement between two elements in memory) is used in vector load op- 
erations to load e.g.: a column of a matrix into a vectox register. 

This is still a linear access pattern. It can be implemented in hardware by giving a 
stride to the preload instruction and adding the stride to the IRAM identification, state. 
One problem with this instruction is that the number of possible cache misses per 
IRAM load rises: In the worst case it can be one caclie miss per loaded value, if the 
stride is equal to the cache line size and all data is not in the cache. 
But as already stated: the total number of misses stays the same - just the distribution 
changes. Still this is an undesirable effect. 

The other problem is the complexity of the implementation and a possibly limited 
throughput, as the data paths between the layers of the memory hierarchy ares opti- 
mized for block transfers. Transferring non-contiguous words will not use wide blisses 
in an optimal fashion. 

The interface of the instruction looks like: 
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XPPPreloadStride (int IRAJVI, void *StartAddress, int Size, int Stride) 
XPPPreloadCleanStride (int JGRAM, void *Start Ad dress, int Size, int Stride) 

This instruction behaves as the XPPPreload / XPPPreloadClean instructions with the 
addition of another parameter: 

The fourth parameter is the vector stride. This is an immediate (constant) value. It tells 
the cache controller, to load only every 11 th value to the specified IRAM. 

o Reordering the data at run time, introducing temporary copies. 

o On the RISC: 

The RISC can copy data at a maximum rate of one word per c;ycle for simple address 
computations and at a somewhat lower rate for more complex ones. 

With a memory hierarchy, the sources will be read from memory (or cache, if they 
were used recently) once and written to the temporary copy, wliicn will then reside in 
the cache, too. This increases the pressure in the memory hierarchy by the amount of 
memory used for the temporaries. Since temporaries are allocated on the stack mem- 
ory, which is re-used frequently, the chances are good that the olirty memory area is re- 
defined before it is written baok to memory. Hence the write back operation to mem- 
ory is of no concern. 

o Via an XPP configuration: 

The PAE array can read and write one value from every IRAM per cycle. Thus if half 
of the IRAMs are used as inputs and half of the IRAMs are used as outputs, up to 
eight (or more, depending on the number of IRAMs) values can be reordered per cy- 
cle, using the PAE array for address generation. As the inputs and outputs reside in 
IRAMs, it does not matter, if the reordering is done before or after the configuration 
that uses the data - the IRAMs can be reused immediately. 

IRAM Chaining 

If the PAEs do not allow further unrolling, but there are still IRAMs left unused, it is possible to load 
additional blocks of data into these IRAMs and chain two IRAMs by means of an address selector. 
This does not increase throughput as much as xinrolling would do, but it still hielps to hide long pipe- 
line startup delays whenever unrolling is not possible. 



2.6 Software / Hardware Interface 

According to trie design parameter changes and the corresponding changes to the hardware, the hard- 
ware / software interface has changed. In the following the most prominent changes and their handling 
will be discussed: 

2.6.1 Explicit Cache 

The proposed cache is not a usual cache, which would be - not considering performance issues - in- 
visible to the programmer / compiler, as its operation is transparent. The proposed cache is an explicit 
cache. Its state lias to be maintained by software. 
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Cache Consistency and Pipelining of Preload / Configuration / Write back 

The software is responsible for cache consistency. It is possible to have several IRAMs caching the 
same, or overlapping memory areas. As long as only one of ttie IRAMs is written, this is perfectly ok: 
Only this IRAM will be dirty and will be written back to memory. If however more than one of the 
IRAMs is written, it is not defined, which data will be written to memory. This is a software bug (non 
deterministic behavior). 

As the execution of the configuration is overlapped with the preloads and write backs of the IRAMs, it 
is possible to create preload / configuration sequences, that contain data hazards. As the cache con- 
troller and the XPP array can be seen as separate functionaJ units, which are effectively pipelined, 
these data hazards are equivalent to pipeline hazards of a nLormal instruction pipeline. As with any 
ordinary pipeline, there are two possibilities to resolve this: 

• Hardware interlocking: 

Interlocking is done by the cache controller: If the cache controller detects, that the tag of a 
dirty or in-use item in IR-AMx overlaps a memory area used for another IRANI preload, it has 
to. stall that preload, effectively serializing the execution of the current configuration and the 
preload. 

• Software interlocking: 

If the cache controller does not enforce interlocking, the code generator has to insert explicit 
synchronize instructions to take care of potential interlocks. Inter- procedural and inter- 
modular alias- and data- dependency analyses can determine if this is the case, while schedul- 
ing algorithms help to alleviate the impact of the necessary synchronization instructions. 

In either case, as well as in the case of pipeline stalls due to cache misses, SMT can use the computa- 
tion power, that would be wasted otherwise. 

Code Generation for the Explicit Cache 

Apart from the explicit synchronization instructions issued with software interlocking, the following 
instructions have to be issued by the compiler. 

• Configuration preload instructions, preceding the IRAM preload instructions, that will be used 
by that configuration. These should be scheduled as early as possible by the instruction sched- 
uler. 

• IRAM preload instructions, which should alsa be scheduled as early as possible by the in- 
struction scheduler. 

• Configuration execute instructions, following the DLAM preload instructions for that configu- 
ration. These instructions should be scheduled between die estimated minirrmum and the esti- 
mated maximum of the cumulative latency of their pr-eload instructions. 

• IRAM synchronization instructions, which should be scheduled as late as possible by the in- 
struction scheduler. These instructions must be inserted before any potential access of the 
RISC to the data areas that are duplicated and potentially modified in the IRAMs. Typically 
these instructions will follow a long chain of computations on the XPP, so they will not sig- 
nificantly decrease performance. 
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Asynchronicity to Other Functional Units 

A XppSyncO must be issuod by the compiler, if an instruction of another functional unit (mainiy the 
Ld/St unit) can access a memory area, that is potentially dirty or in-use in an CRAM. This forces a syn- 
chronization of the instruction streams and the cache contents, avoiding data liazards. A thorough in- 
ter-procedural and inter-modular array alias analysis limits the frequency ojf these synchronization 
instructions to an acceptable level. 



2.7 Another Implementation 

For the previous design, the IRAMs are existent in silicon, duplicated several times to keep the pipe- 
line busy. This amounts to a. large silicon area, that is not fully busy all the tiirae, especially, when the 
PAE array is not used, but as well whenever the configuration does not use all of the IRAMs present in 
the array. The duplication also makes it difficult to extend the lengths of the DRAMs, as the total size 
of the already large IRAM area scales linearly. 

For a more silicon efficient implementation, we should integrate the IRAMs into the first level cache, 
making this cache bigger. This means, that we have to extend the first level caclie controller to feed all 
IRAM ports of the PAE array. This way. the XPP and the RISC will share th«5 first level cache in a 
more efficient manner. Whenever the XPP is executing, it will steal as much cache space as it needs 
from the RISC. Whenever the RISC alone is running it will have plenty of additional cache space to 
improve performance. 

The PAE array has the ability to read one word and' write one word to each IRAM port every cycle. 
This can be limited to either* a read or a write access p^r cycle, without limiting programm ability: If 
data has to be written to the same area in the same cycle, another IRAM port can be used. This in- 
creases the number of used IRAM ports, but only under rare circumstances. 

This leaves sixteen data accesses per PAE cycle in the worst case. Due to the worst case of all sixteen 
memory areas for the sixteen IRAM ports mapping to tlie same associative bank, the minimum asso- 
ciativity for the cache is 16- way set associativity. This avoids cache replacemeirt for this rare, but pos- 
sible worst-case example. 

Two factors help to support sixteen accesses per PAE array cycle: 

• The clock frequency of the PAE array generally has. to be lower than foir the RISC by a factor 
of two to four. The reasons lie in the configurable routing channels with switch matrices which 
cannot support as high a frequency as solid point-to-point aluminium or copper traces. 

This means that two to four IRAM port accesses can be handled serially b>y a single cache port, 
as long as all reads are serviced before all writes, if there is a potential overlap. This can be ac- 
complished by assuming a potential overlap and enforcing a priority ordering of all accesses, 
giving the read accesses higher priority. 

• A factor of two, four or eight is possible by accessing the cache as two, four or eight banks of 
lower associativity cache. 

For a cycle divisor of" four, four banks of four-way associativity will be optimal. During four 
successive cycles, four different accesses can be served by each bank of" four way associativ- 
ity. Up to four-way data duplication can be han<lled by using adjacent IRAM ports that are 
connected to the same bus (bank). For further data duplication, the data, has to be duplicated 
explicitly, using an XppPreloadMultipleO cache controller instruction. Ttie maximum data du- 
plication for sixteen read accesses to the same memory area is supported by an actual data du- 
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plication factor of four: one copy in each bank- This does not affect the RAM efficiency as ad- 
versely as an actual data duplication of 16 for the design proposed in section 2.5. 




The cache controller is running at the same speed as trie RISC. The XPP is ruxining at a lower (e.g. 
quarter) speed. This way the worst case of sixteen read ^requests from the PAE array need to be serv- 
iced in four cycles of the cache controller, with an additional four read requests from the RISC: So one 
bus at full speed can be used to service four IRAM read, ports. Using four-way associativity, four ac- 
cesses per cycle can be serviced, even in the case that alL four accesses go to adolresses that map to the 
same associative block. 

a) The RISC still has a 1 6-way set associative view of the cache, accessing all four four- way set 
associative banks-in-parallel-Due to data duplication it is possible, that several banks return a 
hit. This has to be taken care of with a priority encoder, enabling only one bank onto the data 
bus: 

b) The RISC is blocked from the banks that service IRAM port accesses. Wait states are inserted 
accordingly. 

c) The RISC shares the second cache access port of a two-port cache with the RAM interface, 
using the cycles between the RAM transfers for its accesses. 

d) The cache is extended by a fifth 4-way set associative bank, used exclusively by the RISC. 
(The other banks are only accessed, when they aje not used by the curreoit XPP configuration. 
PROBLEM: dirty line in a blocked bank) 
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-> 2 port RAM, concurrent reads ok, concurrent R/W -to same cache line avoioled by SW synchroniza- 
tion / HW arbitrer. 

Another problem is that a read could potentially address the same memory location as a write; the 
value read depends on the order of the operation,, so the order is fixed: all writes have to take place 
after all reads, but before the reads of the next cycle, except, if the reads and writes actually do not 
overlap. This can only be a problem with data duplication, when only one copy of the data is actually 
modified. Therefore modifications are forbidden with data duplication. 

2 .7.1 Programming Model Changes 

Data Interference 

With this design without dedicated IRAMs, it is not possible any more to load input data to the IRAMs 
arid write the output data to a different IRAM, which is mapped to the same address, thus operating on 
the original, unaltered input data during the whole configuration. 

As there are-no dedicated-IRAMs any more, writes directly modify the cache contents, which will be 
read by succeeding reads. This changes the programming model significantly. ^Additional and more in- 
depth compiler analyses are necessary accordingly. 

2.7.2 Hiding Implementation Details 

The actual number of bits in the destination field of the XppPreloadMultiple instruction is implemen- 
tation dependent. It depends on the number cache banJks and their associativity^ which are determined 
by the clock frequency divisor of the XPP PAE array relative to the cache frequency. 
However, this can be hidden by the assembler, who Translates IRAM ports to cache banks, thus re- 
ducing the number of bits from the number of IRAM ports to the number of banks. For the user it is 
sufficient to know, that each cache bank services an adjacent set of IRAM portrs starting at a power of 
two. Thus it is best to use data duplication for adjacent ports, starting with uxe highest power of two 
bigger than the number of read ports to the duplicated area. 
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3 Program Optimizations 



3.1 Code Analysis 

In this section we descidbfi_the-analyses that can be performed on programs. These analyses are then 
used by different optimizations. They describe the relationships between data smd memory locations in 
the program. More details can be found in several books [2,3,5]. 

3.1 .1 Data-Flow Analysis 

Data-flow analysis examines the flow of scalar values through a program, to provide information 
about how the program manipulates its data. This information can be represented by dataflow equa- 
tions that have the following general form for object i, that can be an instruction or a basic block, de- 
pending on the problem to solve: 

Ex[i] = Prorfp] Y (In[il - Supp\f\) 

It means that data available at the end of the execution of object/, Exp], are either produced by /, 
Prod[i] or were alive at the beginning of i, Jnp] 9 but were not deleted during the execution of i, 
Supp[i]. 

These equations can be used to solve several problems like: 

■ the problem of reaching definitions, 

■ the Def-Use and Use-Def chains, describing respectively for a definitiozn all uses that can be 
reached from it, and for. a use all definitions that can reach it 

■ the available expressions at a point in the program, 

■ the live variables at a point in the program, 

whose solutions are then used by several compilation phases* analysis, or optimizations. 

As an example let us take the problem of computing the Def-Use chains of the "variables of a program. 
This information can be used for instance by the data dependence analysis for- scalar variables or by 
the register allocation. A Def-Use chain is associated to each definition of a variable and is the set of 
all visible uses from this definition. The data-flow equations presented above are applied to the basic 
blocks to detect the variables that are passed from one block to another along the control-flow graph. 
In the figure below, two definitions for variable* are produced: SI in Bl and S4 in B3. Hence the vari- 
able that can be found at the exit of Bl is Ex(Bl)={x(Sl)}; and at the exit of JB4 is Ex(B4)={x(S4)}. 
Moreover we have Ex(B2J=Ex(Bl) as no variable is defined in £2. Using theses sets, we find that the 
uses of x in S2 and S3 depend on the definition of x in Bl, that the use of x in depend on the defini- 
tions of x in Bl and B3. The Defuse chains associated with the definitions are then 
D(Sl) = {S2,SXSS} and D(S4) = {S5} . 
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B4 



Figure. 7 .Control-flow graph of a piece of program 



3.1.2 Data Dependence Analysis 

A data dependence graph represents the dependences existing between operations writing or reading 
the same data. This graph is used for optimizations like scheduling, or certain loop optimizations "to 
test their semantic validity. The nodes of the graph represent the instructions-, and the edges represent 
the data dependences. These dependences can be of three types: true (or flow) dependence when a 
variable is written before being read, anti-dependence when a variable is resad before being writtexi, 
and output dependence when a variable is written twice. Here is a more formal definition [3]. 

Definition . 

Let S and S" be 2 statements, then *S" depends on S 9 notedS S S' iff: 

(1) S is executed before S" 

(2) 3v € VAR : v e D£F(S) I USE(S') v v e ZJSE(S) I DEF(S') we DjEF(JS) I DEF(S } ) 

(3) There is no statement T such that S. is executed before T and T is executed before S\ anLd 
v e DEF(T) 

Where VAR is the set of the variables of the program, DEF(S) is the set of -the variables defined b»y 
instruction S, and USE(S) is the set of variables used by instruction S. 

Moreover if the statements are in a loop, a dependence can be loop-indepencient or loop-carried. ThJs 
notion introduces the definition of the distance of a dependence. When a dependence is loop- 
independent it means that it occurs between two instances of different statements in the same iteration, 
and then its distance is equal to 0. On the contrary when a dependence occurs between two instances an 
two different iterations the dependence is loop-carried, and the distance is equal to the difference be- 
tween the iteration numbers of the two instances . 
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The notion of direction of dependence generalizes the notion of distance, and is generally used when 
the distance of a dependence is not constant, or cannot be computed with precision. The direction of a 
dependence is given by <, if the dependence between S and *S" occurs when the instance of S is in an 
iteration before the iteration of the instance ofiS", = if the two instances are in the same iteration,, and > 
if the instance of S is an iteration after the iteration, of the instance of *S*\ 

In the case of a loop nest, we have then distance and direction vector, with one element for eacli level 
of the loop nest. The figures below illustrate all these definitions. The data dependence graph is used 
by a lot of optimizations, and is also useful to determine if their application is valid. For instance a 
loop can be vectorized if its data dependence graph does not contain any cycle. 



Figure 8; Example of a true dependence with distance O on array a 

for(i=0; i<N; i=i+l ) { 
S: a[i] = b[i] + H; 
SI b[i] =» c[ij + 2; 



Figure 9: Example of an anti-dependence with distance O on array b 

for (i=0; i<N; i=i+l) { 
S: • a[i] = b[i] +' l,v 
SI: a[i] = c[i] + 2; 

} ^ 



for(i=0; i<N; i=i+l) { 
S: a[i] - b[i] +. 1; 
Sl: c[i] = a[i] + 2; 
> 






Figure 10: Example of an output dependence with distance? 0 on array 

a 
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for (j-0; j<==N; j++) 

for(i.=0;i<=N;i++) 
( 

SI: c[i] tj] - 0; 

for ( k=0 ; k<=N; k++ ) 
S2: c[i] [j] - c[±] [j] 

} 
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+ a[i] [kl*b[k] [j]; 




5W) 



Figure 11: Example of a dependence with direction -vector(==) be- 
tween SI andS2 and a dependence with direction vector (=, =, <) be- 
tween S2 and S2. 



for(i=0;i<=N;i++) 

for (j=0; j<-N; j++) 
S: a[i] [j] - a[±] [j+2] 



+ b[i]; 



Figure 12: Example of an anti-dependence with distance vector (0,2). 



3.1.3 Interprocedural Alias Analysis 

The aim of alias analysis is to determine if a memory location is aliased by several objects, like vari- 
ables or arrays, in a program. It has a strong impact on data dependence analysis and on the application 
of code optimizations. Aliases can occur with statically allocated data, like unions in C where all fields 
refer to the same memory area, or with dynamically allocated data, which are the usual targets of the 
analysis. In Figure 13, we have a typical case of aliasing where p alias b. 

int b[100], *p; 

for (p=b;p < &b[100].;p++) 
*p=0; 



Figure 13: Example for typical aliasing 

Alias analysis can be more or less precise depending on whether or not it takes the control-flow into 
account. When it does, it is called flow-sensitive, and when it does not, it is called flow— insensitive. 
Flow-sensitive alias analysis is able to detect in which blocks along a path two objects are aliased. As 
it is more precise, it is more complicated and more expensive to compute. Usually flow- insensitive 
alias information is sufficient. This aspect is illustrated iriFigure \ A where a flow-insensitive analysis 
would find that/? alias b, but where a flow-sensitive analysis would be able to find that/? atlias b only 
in block B2„ 

Furthermore aliases are classified into must-aliases and may-aliases. For instance, if we consider flow- 
insensitive may-alias information, then x alias v, iff x and y may, possibly at different tirrxes, refer to 
the same memory location. And if we consider flow-insensitive must-alias information,* atlias y, iff* 
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and y must, throughout the execution of a procedure, refer to the same storage location. In the case of 
Figure 14, if we consider flow-insensitive may-alias information,/? alias b holds, whereas if we con- 
sider flow-insensitive must-alias information,/? alias b does not hold. The kind of information to use 
depends on the problem to solve. For instance, if we want to remove redundant expressions or state- 
ments, must-aliases must be used, whereas if we want to> build a data dependence graph may-aliases 
are necessary. 



Bl 

int *p, b[100]; 



B2 ^p-b; 
< uses of b and p > 
*p = rnallocQ; 



B3 

*p - iaalloc(); 
<usesof "b and p> 



B4 

<uses of b and p> 



Figure 14: Example of control-jlow sensitivity 



Finally this analysis must be interprocedural to be able to detect aliases caused by non-local variables 
and parameter passing. The latter case is depicted in Figure 1 5 where f and J are aliased through the 
function call where k is passed twice as parameter. 

void foo(int *i, int* j) 
{ 

*i - *j+l; 

> 

' foo (&k, &k)\; 



Figure 15: Example for aliasing by parameter passing 



3.1.4 Interprocedural Value Range Analysis 

This analysis can find the range of values taken by the variables. It can help to apply optimizations like 
dead code elimination, loop unrolling and others. For this purpose it can use information on the types 
of variables and then consider operations applied on these variables during the execution of the pro- 
gram. Thus it can determine for instance if tests in conditional instruction are likely to be met or not, 
or determine the iteration range of loop nests. 

This analysis has to be interprocedural as for instance loop bounds can be passed a_s parameters of a 
function, like in the following example. We know by analyzing the code that in the loop executed with 
array a, N is at least equal to 1 1 , and that in the loop executed with array b, N\s at most equal to 10. 
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void foo(int *c,int N) 
{ 

int i; . 

for (i-0;i<N;i++) 
c[i] - g(i,2)'; 

} 



if (N •> 10) 

f oo (a, N) ; 
else ' 

foo(b,N) ; 

The value range analysis can be supported by the programmer by giving further value constraints 
which cannot be retrieved from the language semantics. This can be done by pragmas or a compiler 
known assert function. 

3.1.5 Alignment Analysis 

Alignment analysis deals with data layout for distributed memory architecture s. As stated by Saman 
Amarasinghe: "Although data memory is logically a linear array of cells, its realization in hardware 
can be viewed as a multi- dimensional array. Given a dimension in this array, alignment analysis will 
identify memory locations that always resolve to a single value in that dimension. For example, if the 
dimension of interest is memory banks, alignment analysis will identify if a m&xnory reference always 
accesses the same bank". This is the case in the second part of the figure below, that can be found in 
[10], where all accesses, depicted in blue, occur to the same memory bank, wfciereas in the first part, 
the accesses are not aligned. He adds then that: "Alignment information is useful in a variety of com- 
piler-controlled memory optimizations leading to improvements in programmat»ility, performance, and 
energy consumption." 




Alignment analysis, for instance, is able to help find a good distribution scheme of the data and is fur- 
thermore useful for automatic data distribution tools. An automatic alignment aaialysis tool can be able 
to automatically generate alignment proposals for tlie arrays accessed in a procedure and thus simpli- 
fies the data distribution problem. This can be extended with an interproceduxal analysis taking into 
account dynamic realignment. 
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Alignment analysis can also be used to apply loop alignment that transforms the code directly rather 
than the data layout in itself, as shown later. Another solution can be used for the PACT XPP, relying 
on the fact that it can handle aligned code very efficiently. It consists in adding a conditional instruc- 
tion testing if the accesses in the loop body are aligned followed by the necessary nurnfcer of peeled 
iterations of the loop body, then the aligned loop body, and then some compensation code. Only the 
aligned code is then executed by the PACT XPP, the rest is executed by the host processor. If the 
alignment analysis is more precise (inter-procedural or inter-modular) less conditional code has to be 
inserted. 



3.2 Code Optimizations 

Most of the optimizations and transformations presented here can be found in detail in [4-1 and also in 
[2,3,5]. 

3.2.1 General Transformations 

We present in this section a few general optimizations that can be applied to straightforward code, and 
to loop bodies. These are not the only ones that appear ia a compiler, but they are mentioned in the 
sequel of this document. 

Constant Propagation 

This optimization propagates the values of constants into the expressions using them throughout the 
program. This way a lot of computations can be done statically by the compiler, leaving less work to 
be done during the execution, this part of the optimization is also known as constant folding. 

N = 256; for(i-0; i<= 256; 
c « 3; a[i] - b[i] + 3; 

for(i=0;i <= N;±++) 

a[i] - b[i] + c; . 

Figure 16: Example of constant propagation 



Copy Propagation 

This optimization simplifies the code by removing redundant copies of the same variable in the code. 
These copies can be produced by the programmer himself or by other optimizations. This optimization 
reduces the register pressure and the number of register-to-register move instructions. 

t = i*4; t « i+4;. 

r - t; for(i=0;± <= N;i++) 
for(i=0;i <= N;i++) a[t] =b[t] +a[i]; 

a[r] > b[r] + a[i]; 

Figure 17: Example of copy propagation 

Dead Code Elimination 

This optimization removes pieces of code that will never be executed. Code is never executed if it is in 
the branch of conditional statement whose condition is always evaluated to true or false, or if it is a 
loop body, whose number of iterations is always equal to 0. 
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C6de updating variables, that are never used, is also useless and can be removed as well. If a variable 
is never used, then the code updating it and its declaration can also be eliminated. 

for (i=0; j_ <= N;i++) { for(i-0;i <= N;i-t- + ) { 

for ( j<0; j++) f or ( j =0 ; j<lO; j++) 

atj] - b[j] + a[i]; " a[j+l] = a[j] + b[j]; 



} 



for ( j=0;j<10;j++) } 
a[j+l] = a[j] + b[j] ; 



Figure 18: Example of dead code elimination 



Forward Substitution 



This optimization is a generalization of copy propagation. The use of a variable is replaced by its de- 
fining expression. It can be used for simplifying the data dependency analysis and the application of 
other transformations by making the use of loop variables visible. 

c - N + 1; for(i=0; i<= N; ) 

for(i=0;i <- N;i++) a[N+l] - b[N+l] + a[i]; 

a[c] = b[c] + a[i] ; 

Figure 19: Example of forward substitution 



Idiom Recognition 

This transformation recognizes pieces of code and can replace them by calls to compiler known fimnc- 
tions, or less expensive code sequences, like code for absolute value computation. 

for(i=0; i<N; { for(i=0; i<N; i++) { 

c - - b[i]; c = a[i] - b[i]jr 

if (c<0) c = .abs(c) ; 

c = rc; d[i] = c; 

d[i] = c; } 

} 

Figure 20: Example of idiom recognition 

3.2.2 Loop Transformations 

Loop Normalization 

This transformation ensures that the iteration space of the loop is always with a lower bound equal to 0 
or 1 (depending on the input language), and with a step of 1. The array subscript expressions and the 
bounds of the loops are modified accordingly. It can be used before loop fusion to find opportunities, 
and ease inter-loop dependence analysis, and it also enables the use of dependence tests that ne=eds 
normalized loop to be applied" 

for(i=2; i<N; i=i+2) for(i=0; i<{N-2)/2; i++) 

a[i] =b[i]; a[2*i+2] *= b[2*±+23 ; 



Figure 21: Example of loop normalization 
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This transformation changes the direction in which the iteration space or a loop is scanned. It is u-sually 
used in conjunction with loop normalization and other transformations, like loop interchange, because 
it changes the dependence vectors. 

for (i=N^ i>«0; i — ) for(i-0; i<=N; i+V ) 

a[i] = b[i]; a[i] - b[i]; 

Figure 22: Example of loop reversal 



Strength Reduction 

This transformation replaces expressions in the loop body by equivalent t>ut less expensive ones. It can 
be used on induction variables, other than the loop variable, to be able to eliminate them. 

for(i=0p i<N; i++) t - c; 

a[ij - b[i] + c*i; for(i=0; i<N; { 

a[ij = b[ij + t; 
t - t + c; 

} 



Figure 23: Example of strength reduction 

Induction Variable Elimination 

This transformation can use strength reduction to remove induction variables from a loop, henLce re- 
ducing the number of computations and easing the analysis of the loop. This also removes dependence 
cycles due to the update of the variable, enabling vectorization. 

for (i=0; i<=N; { for(i=0; i<=N; i++- ) { 

k - k + 3; a[i] - b[i] + a [k+ (i+1) *3J ; 

a[i] = b[i] + a[k]; } 

> 

k - k +(N+1)*3; 
Figure 24: Example of induction variable elimination 



Loop-Invariant Code Motion 

This transformation moves computations outside a loop if their result is the same in all iterations. This 
allows to reduce the number of computations in the loop body. This optimization can also be con- 
ducted in the reverse fashion in order to get perfectly nested loops, tha* are easier to handle by other 
optimizations. 

for(i»0; i<N; if (N >= 0) 

a[i] - b[i] + x*y; c - x*y; 

for(i=0; i<N; i+4) 

a[i] = b[i] + c; 



Figure 25: Example of loop-invariant code motion 
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This transformation moves a conditional Instruction outside of a loop body if its condition 5s loop- 
invariant. The branches of the condition are then made of the original Loop with the appropriate origi- 
nal statements of the conditional statement. It allows further parailelization of the loop by removing 
control-flow in the loop body and also removing unnecessary computations from it. 



for(i-0; i<N; i++) { 
a[±] =* b(i] + 3; 
if (x > 2) 

b[i] = c [i]* 

else 

, b[i] - c[i] - 

} 



+ 2; 



2; 



if (x > 2) 

for (i-0; i<N; { 
a[i] - b[i] + 3; 
b[i] = c[i] + 2; 

} 

else 

for (i-0; i<N; { 
a[i] - b(i) + 3; 
b[i] - c[ij - 2; 

) 



Figure 26: Example of loop unswitching 



If-Conversion 



This transformation is applied on loop bodies with conditional instructions. It changes control, depen- 
dences into data dependences and allows then vectorization to take plac^e. It can be used in conj unction 
with loop unswitching to handle loop bodies with several basic bloclcs. The conditions, wheM-e array 
expressions could appear, are replaced by boolean terms called guards. Processors with predicated 
execution support can execute directly such code. 



for(i = 0;i < N; i++) { 
a[i] - a[i] + b[i]; 
if (a[i] 1= 0) 

if (a[i] > c[i]) 
a[i] - a[i] - 
else 

a[i] - a[i] + 
d[i] = ati] * 2; 



2; 



1; 



for(i - 0;i < N;i+-I-) { 
a[i] = a[i] + Jo[i] ; 
c2 = (a[ij 1- O); 
if (c2) c4 = (c=i[i] > c[i] ) ; 
if <c2 && c4) a[i] - a[ij - 2; 
if (c2 && !c4) a[i] - a[i] + 1; 
d[i] = a[i] * 2; 



Figure 2 7: Example of ifconversion 



Strip-Mining 

This transformation enables to adjust the granularity of an operation. It is commonly used to choose 
the number of independent computations in the inner loop nest. When the iteration count is mxi: known 
at compile time, . it can be used to generate a fixed iteration count inner loop satisfying the rresource 
constraints. It can be used in conjunction with other transformations like loop distribution or loop in- 
terchange. It is also called loop sectioning- Cycle shrinking, also called, stripping, is a specialization of 
strip-mining. 



for(i=*0; i<N; i++) 
a [i] = b[i] + c; 



up = (N/16)*16; 

for(i=0; i<up; i = i + 16) 

a[i:l+16] - fc>[i:i+16] + 
for(j=i+l;j<N;j+-H 

a[i] = b[i] c; 



Figitre 28: Example of strip-mining 
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This transformation modifies the iteration space of a loop nest introducing loop levels to clivide the 
iteration space in tiles. It is a multi-dimensional generalization of strip-mining. It is generally used to 
improve memory reuse,— but-can-rilscr improve processor, register, TLB, or page locality. 3t is also 
called loop blocking. 

The size of the tiles of the iteration space is chosen so that the data needed in each tile fit in -the cache 
memory, thus reducing the cache misses. In the case of coarse-gnain computers, the size of th& tiles can 
also be chosen so that the number of parallel operations of the loop body fit the number of processors 
of the computer. 

for(i=0; i<N; i++) for(ii=0; ii<N; i_i = ii+16) 

for(j=0; j<N; j++) for(jj=0; jj<»; jj « jj + 16) 

a[i] [j] -b[j][i]; ■ for(i— ii; . i< min (ii+15, N) ; i++) 

for(j=jj; j< min(jj + 15,N); 
a[i-3 [j] - b[j] [i]; 

Fi igure 29: Example of loop tiling 
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Loop Interchange 

This transformation is applied to a loop nest to move inside ox outside (depending on the searched 
effect) the loop level containing data dependences. It can: 

■ enable vectorization by moving inside an independent loop ajid outside a dependent loop, or 

■ improve vectorization by moving inside the independent loop with the largest range, or 

■ deduce the stride, or 

■ increase the number of loop-invariant expressions in the inner-loop, or 

■ improve parallel performance by moving an independent loop outside of a loop nest to increase the 
granularity of each iteration and reduce the number of barrier- synchronizations. 

- for(i=0; i<N; i++) for{j=0; j<N; j++) 

1 for (j=0;j<N; for(i=0; i<N; 

a[i] = a[i] + fc>[ij[j]; aim - a[i] + b[i][j]; 

Figure 30: Example of loop interchange 



Loop Coalescing / Collapsing 

This transformation combines a loop nest into a single loop. It can improve the scheduling of the loop, 
and also reduces the loop overhead. Collapsing is a simpler version of coalescing in which th« number 
of dimensions of arrays is reduced as well. Collapsing reduces tfcae overhead of nested loops asid multi- 
dimensional arrays. Collapsing can be applied to loop nests tha* iterate over memory with . a. constant 
stride, otherwise loop coalescing is a better approach. It can be used to make vectorizing profitable by 
increasing the iteration range of the innermost loop. 

:£or(i«0; i<N; for(kM); k<N*M; k++) { 

for(j-0;j<M; j+*) i = C (k-1) /m) *m + 1; 

a[i] Cj] - a[i] C j] + c; j - C (T-l)%m) + 1; 

ati] Cj] - a[i] [j] + c; 

} 



Figzire 31: Example of loop coalescing 
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Loop Fusion 

This transformation, also called loop jamming, merges 2 successive loops. It reduces loop overhead, 
increases instruction-level parallelism, improves register, cache, TLB or page locality,, and improves 
the load balance of parallel loops. Alignment can be taken into account by introducing conditional 
instructions to take care of dependences. 

for(i=0; i<N; for(i=0; i<N; i++) { 

a[i] - b[i) + c; a[i] = b[i] + c; 

d[i] — e[i] + c; 

for(i=0; i<N; i++) } 
d[i] - e[i] + c; 



Figure 32: Example of loop fusion 



Loop Distribution 

This transformation, also called loop fission, allows to split a loop in several pieces in case the loop 
body is too big, or because of dependences. The iteration svpace of the new loops is ttie same as the 
iteration space of the original loop. Loop spreading is a mores sophisticated distribution. 

for(i=0; i<N; { for(i-0; ±<N; i++) 

a[i] « b[i] + c; a[i] - b[i] + c; 

d[i] = e[i] + c; 
} for(i«0;i<N; i++) 

d[i] = e[i] +c; 



Figure 33: Example of loop distribution 

Loop Unrolling / Unroll-and-Jam 

This transformation replicates the original loop body in order to get a larger one. A loop can be un- 
rolled partially or completely. It is used to get more opportuxiity for parallelization by making the loop 
body bigger, it also improves register, or cache usage and reduces loop overhead. Loop unrolling the 
outer loop followed by merging the induced inner loops is referred to as unroll-and-jam. 

for(i=0; i<N; i++) for(i=0; i<N; i » i+2) { 

a[i] = b[i] + c a[i] = b[i] + c; 

a[i+l ] = b[±+l] + c; 

} 

if ((N-l) %2) — 1) 

a[N-l ] = bCN-1] + c; 

Figure 34: Example of loop unrolling 



Loop Alignment 

This optimization transforms the code to get aligned array accesses in the loop body. Its effect it to 
transform loop-carried dependences into loop-independent dependences, which allows t:o extract more 
parallelism from a loop. It can use different transformations^ like loop peeling or introduce conditional 
statements, to achieve its goal. This transformation can be used in conjunction with loop fusion to 
enable this optimization by aligning the array accesses in both loop nests. In the example below, all 
accesses to array a become aligned. 
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for(i=2;i <= N;i + -+) { 
a[i] « b[i] + c[i] ; 
d[i] - afi-1] * 2; 
e[i]. - a[i-l] + d[i+l]; 

} 



for(i=l; i<=N; i++) { 

if Ci>D a[i] « b[i] + 
if (i<N) d[±+l] - a[i] 
if Ci<N) e[i+l] = a[i] 

} 
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c [i] ; 

* 2; 

+- d[i+2]; 



Figure 35: Example of loop alignment 



Loop Skewing 

This transformation is used to enable parallelization of a loop nest. It is useful in combination with 
loop interchange. It is perforrhed by adding the outer loop index multiplied by a skew factor^ to the 
bounds of the inner loop variable, and then subtracting the same quantity from every use of the inner 
loop variable inside the loopi 

for(±-l; i <= N; ±++) for(i«*l; i <- N; i++) 

for(j«l;j <= N; j++) for(j=i+l;j <= i+N; + ) 

a[i] - + c; a[i] = a[j] + c; 

Figure 36: Example of loop skewing 



Loop Peeling 

This transformation removes a small number of beginning or ending iterations of a loop to avoid de- 
pendences in the loop body. These removed iterations are executed separately. It can be used for 
matching the iteration control of adjacent loops to enable loop fusion. 

for(i-0; i<=N; i++- ) a[Oj[N] = a[0J [N] + a [NJ] [N] ; 

a[i][N] = a[0] [N] + a [N] [N] ; f or (i-l;±<-N-l; i++) 

a[i][N] - a[0}[N] +- a [N] [N] ; 
a[M][N] = a[0][N] + a [NfJ[N] ; 

Figure 37: Example of loop peeling 



Loop Splitting 

This transformation cuts the iteration space in pieces by creating other loop nests. It is also called In- 
dex Set Splitting, and is generally used because of dependences that prevent parallelization. The itera- 
tion space of the new loops is a subset of the original one. It can be seen as a generalization of loop 
peeling. 

for(i=0; i<=N; for (i=0 ; i< (N+l ) /2 ; i++) 

a[i] - a[N-d_+l] + c; a[i] - a[N-i+l] + c; 

for(i=* (N+l)/2;i <= N;i+4~) 
a[ i] = a[N-i+l] + c; 

Figure 38: Example of loop splitting 



Node Splitting 

This transformation splits a statement in pieces. It is used to break dependence cycles in the depend- 
ence graph due to the too high granularity of the nodes, thus enabling vectorization of the statements. 

for(i=0;i < N;i+-+) { for(i - 0,i < N;i+-h) { 

b[i.] a[i] -+ c[i] * d[i] ; tl[i] = c[i] * d[i); 
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a[i+l] - b[i] * <d[i] - c[i] ); t2[i] - d[±) - c[i]/ 

} bfij = a[ij + tl[i]; 

a[i+l] -b[i] * t2[i]; 

} 

Figure 39: Example of node splitting 

Scalar Expansion 

This transformation replaces a scalar in a loop by an array to eliminate dependences in the loop boc3y 
and enable parallelization of the loop nest. If the scalar is used after the loop, compensation code mitst 
be added. 

for(i=0; i<N; i++) { f oar (i-0; i<N; i++) { 

c - b[i] ; tmp[i] - b[ij; 

a[i] = a [i] + c; a[i] = a[i] + tmp[i]; 

} } 

c = tmp[N-l] ; 

Figure 40: Example of scalar expansion 

Array Contraction / Array Shrinking 

This transformation is the reverse transformation of scalar expansion. It may be needed if scalar ex- 
pansion generates too many memory requirements . 

for(i«0; i<N;i++) for(i=0; i<N;i++> 

for(j=0; j<N;j++) { for(j-0; j<N^rj++) { 

t[i][jj = a[i][j] * 3; t[j] = a-[i] [j] * 3; 

b[i][j] = t[i][j] + c[j]; b[i][j] — t[j] + c[j]; 

> } 

Figure 41: Example of array contraction 

Scalar Replacement 

This transformation replaces an invariant array reference in a loop by a scalar. This array element is 
loaded in a scalar before the inner loop and stored again after the inner loop, if it is modified. It can b»e 
used in conjunction with loop interchange. 

for(i-0; i<N; i++) for(i=0;i<N; i++)£ 

for{j=0; j<N;j++) tmp = a[i]; 

a[i] — a[ij + b[i][jj; for(j*=0; j<N;j++) 

■ tmp - tmp + b[±] [j]; 
a[i] = tmp; 

} 

Figure 42: Example erf scalar replacement 

Reduction Recognition 

This transformation allows to handle reductions in loops. A reduction is an operation that computes a 
scalar value from arrays. It can be a dot product, the sum or minimum of a vector for instance. Tli_e 
goal is then to perform as many operations in parallel as possible. One way is to accumulate a vector 
register of partial results and then reduce it to a scalar with a sequential loop. Maximum parallelism ds 
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then achieved by reducing the vector register with a tree: pairs of eLements are summed, then pairs of 
these results are summed, etc. 

forCL=*0; i<N;i++) for(i=0; i<N; i«i+64 ) 

s - s + a[i]; tmp[0:63] « tmp[0:63] + a[i:i+63]; 

for(i-0; i<64;i++) 
s s + tmpEi]/ 

Figure 43: Example of reduction recognition 

Loop Pushing / Loop Embedding 

This transformation replaces a call in a loop body by the loop in the called function. It is an inter- 
procedural optimization. It allows the paj-allelization of the loop nest and eliminates the overhead 
caused by the procedure call. Loop distribution can be used in conjunction with loop pushing. 

for(i-0; i<N; f 2 (x) 

f (x,i) ; 

void f2(int* a) { 
voici f(int* a,int j) { fpr(i«0; i<M; i++) 

= a[j] + c; a[i] = a. [i] + c; 

} > 

Figure 4-4: Example of loop pushing 

Procedure Inlining 

This transformation replaces a call to a procedure by the code of the procedure itself. It is an inter- 
procedural optimization. It allows a loop nest to be parallelized, removes overhead caused by the pro- 
cedure call, and can improve locality. 

for(i=0; i<N; i++) for(i-0; i<N; 

f (a, i) ; a[i] « a[i] + c; 

voici f (int* x, int j) { 
x[j] = x[.j] + c; 

} 

Figure 45: Example of procedure inlining 

Statement Reordering 

This transformation schedules instructions of the loop body to modify the data dependence graph and 
enable vectorization. 

for(i=0;i < N;i++) { for(i-0; i<N; { 

a[i] = b['i] * 2; c[i] = a[i-l] - .4; 

c[i] = a[i-l] - 4; a[i] = b[i] * 2; 

} > 

Figure 46: Example of statement reordering 
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Software Pipelining 

This transformation parallelizes_aJk>op body by scheduling instructions of different: instances of the 
loop body. It is a powerful optimization to improve instruction-level parallelism. It can be used in 
conjunction with loop unrolling. In the example below, "the preload commands can be issued one after 
another, each taking only one cycle. This time is just enough to request the memory areas. It is not 
enough to actually load theiri. This takes many cycles, depending on the cache leveL that actually has 
the data. Execution of a configuration behaves similarly. The configuration is issued in a single cycle, 
waiting until all data are present. Then the configuration executes for many cycles. 
Software pipelining overlaps the execution of a configuration with the preloads for tlxe next configura- 
tion. This way, the XPP array can be kept busy in parallel 1 to the Load/Store unit. 

Issue Cycle Command 



XPPPreloadConfig- (CFG1) ; 
for (i»0; i<100,- ++i) { 

XPPPreload(2, a_ + 10*i, 10) ; 

XPPPreload(5,fc>+20*i,20) ; 

// delay 

XPPExecute(CFGl) ; 



Issue Cycle Command 

Prorogue XPPPreloadConfig- (CFG1) ; 
XPPPreload(2,a, 1 0) ; 
XPPPreload(5,b, 2 0) ; 
// delay 

for (i=l; i<100; { 
XPPExecute(CFGl) ; 
XPPPreload{2, a +10*i, 10) ; 
XPPPreload{5, 5+20*1,20) ; 



Kerne 1 



} 



XPPExecute (CFG1) ; 
Epilog // delay 

Figure 47: Example of software pipelining 



Vector Statement Generation 

This transformation replaces instructions by vector instructions that can perform an operation on sev- 
eral data in parallel. 



for (1=0; i<~N; i++) 
a[i] - b[i] ; 



a[0:N] «• b[0:N] ; 
JFigare 48: Example of vector statement generation 



3.2.3 Data-Layout Optimizations 

In the following we describe optimizations that modify the data layout in memory ini order to extract 
more parallelism or prevent memory problems like cache misses. 
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Scalar Privatization 

This optimization is used in multi-processor systems to increase the amount of parallelism and avoid 
unnecessary communications between the processing elements. If a scalar is only ixsed like a tempo- 
rary variable in a loop body, then each processing element can receive a copy of it and achieve its 
computations with this private copy. 

for(i-0;i <= N;j-++) { 
c - b[ij; 
a[ij = a[i] + c; 

} 

Figure 49: Example for scalar privatization 



Array Privatization 

This optimization is the same as scalar privatization except that it works on arrays rather than on sca- 
lars. 

Array Merging 

This optimization transforms the data layout of arrays toy merging the data of several arrays following 
the way they are accessed in a loop nest. This way, memory cache misses can be avoided. The layout 
of the arrays can be different for each loop nest. Below is the example of a cross-filter, where the ac- 
cesses to array a are interleaved with accesses to array S. The picture next to it represents the data lay- 
out of both arrays where blodks of a (in green) are merged with blocks of b (in yellow). Unused mem- 
ory space is in white. Thus cache misses are avoided as data blocks containing arrays a and b are 
loaded into the cache when getting data from memory. More details can be found in [ 1 1]. 

for j<-N-l;i++) 

for{j=l; j<=N;j+-H) 

b[i][jj « 0.25*(a[i-l] [j] + a[i] + ffllv PIB I 

a[i+l] [j] + a[i] ) ; 



Figure 50: Example for array merging 

3.2.4 Example of application of the optimizations 

As seen before a lot of optimizations can be performed on loops before and also alter generation of 
vector statements. Finding a sequence of optimizations that would produce an optimal solution for all 
loop nests of a program is still an area of research. Thexefore we can only propose a way to use these 
optimizations that follows a reasonable heuristic to produce vectorizable loop nests - To vectorize the 
code, we can use the Allen-Kennedy algorithm that uses statement reordering and loop distribution 
before vector statements are generated. It can be enhanced with loop interchange, scalar expansion, 
index set splitting, node splitting, loop peeling. All these transformations are based on the data de- 
pendence graph. A statement can be vectorized if it is not part of a dependence cycle, hence optimiza- 
tions are performed to break cycles or, if not completely possible, to create loop nests without depend- 
ence cycles. 

We can divide the whole process in four majors steps. First we should restructure tlie procedures by 
analyzing the procedure calls inside the loop bodies amd try to remove them. Them some high-level 
dataflow optimizations are applied to the loop bodies to modify their control-flow and simplify their 
code. The third step would consist in preparing the loop nests for vectorization by building perfect 
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loop nests and ensuring that inner loop levels are vectorizable. Then optinaizations can be performed 
that target the architecture and optimize the data, locality. It should also be noted that other optimiza- 
tions and code transformations can occur between these different steps triat can also help to furdmer 
optimize the loop nests . 

Hence the first step applies procedure inlining and loop pushing to remove the procedure calls of tiie 
loop bodies. Then the second step consists of loop-invariant code motion, loop unswitching, strength 
reduction and idiom recognition. The third step can be divided in several subsets of optimizations. We 
can first apply loop reversal, loop normalization and if-conversjon to get normalized loop nests. Thus 
allows to build the data dependency graph. Then if dependences prevent the loop nest to be vectorized 
transformations can be applied. For instance if dependences occur only on certain iterations, loop 
peeling or loop splitting can be applied. Node splitting, loop skewing, scalar expansion or statement 
reordering can be applied in other cases. Then loop interchange moves inwards the loop levels witho*ut 
dependence cycles. The goal is to have perfectly nested loops with the loop levels carrying dependence 
cycles as much outwards as possible. Then we can apply loop fusion, reduction recognition, scaLar 
replacement/array contraction and loop distribution to further improve the following vectorization. 
Vector statement generation can be performed at last using the Allen-Kennedy algorithm for instance. 
The last step can consist of optimizations like loop tiling, strip-mining, loop unrolling and software 
pipelining that take into account the target processor. 

The number of optimizations in the third step is large, but not all of them are applied to each loop ne st. 
Following the goal of the vectorization and the data dependence graph only some of them are appliesd. 
Heuristics are used to guide the application of trie optimizations, that can be applied several times if 
needed. Let us illustrate this with an example. 

void f(int** a, int** b, int *c,int i_ , int j) { 
a[ij[j] - a[i][j-l] - b[i+l][j-XJ; 

} 

void g(int* a, int* c, int i) { 
a[i] = c[i] + 2; 

} 



for(i=0; i<N;i++) { 

for(j=l; j<9;j=j++) 
if-(k>0) 

f(a,b,i, j); 
else 

g(d,c, j) ; 

} 

d[i] « d[i+l] + 2; 

} 

for(i-0; i<N;i++) 

a[i] [i] « b[l] + 3; 

The first step will find-thaHnlining-the'two procedure calls is possible, then loop unswitching can "be 
applied to remove the conditional instruction of the loop body. The second step begins by appiyung 
loop normalization and analyses the data dependence graph. A cycle can be broken by applying loop 
interchange as it is only carried by the second level. The two levels are exchanged, so that the inn*er 
level is vectorizable. Before, that or also after, we apply loop distribution. Loop fusion can be applied 
when the loop on i is pulled out of the conditional instruction by a traditional redundant code elimirMa- 
tion optimization. Finally vector code can be generated for the resulting loops. 

So in more details, after procedure inlining, we otrtain: 
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for(i-0; i<N; i++) { 
for(j=l; j<9;j=j++) 
if (k>0) 

a[i] [j] -a[±][j-l] - b[i+l] [j-1]; 
else 

d[j] - c[j] + 2; 

} 

d[i] - d[i_ + l] + 2; 

} 

for(i=0; i<N; 

a[i] [il - b[i] + 3; 

After loop unswitching, we obtain: 

if (k > 0) 

for (1=0; i<N;i++) { 

for(j=X; j<9;j-j++) 

a[i] [j] -a[i][j-l] - b[±+l] [j-13; 
d[i] *= d[±+l] + 2; 

} 

else 

for(i=0; i<N;i++) { 

for(j-l.;. j<9;j-j++) 

d[j ] - c[j] + 2; 
d[i] - d[i+l] + 2; 



for(i=0; i<N; i++) 

a[i] [i] - b[i] + 3; 

After loop normalization, we obtain: 

if (k > 0) 

for(i=0; i<N;i++) i 

for(j-0; j<8;j«j4-+) 

a[i] [j + 1] =a[i][j] -b[i+l][j]; 
d[i] = d[i+l] + 2; 

} 

else 

for(i=0; i<N;i++) { 

for(j=0; j<8;j-j++) 

d[j ] = c[j+l] + 2; 
d[i] - dti+1]. + 2; 

} 

for(i=0; i<N> i++) 

a[i] [i] — b[i] + 3; 

After loop distribution and loop fusion, we obtain: 

if (k > 0) 

for(i=0; i<cN;i++) 

for(j=0; j<8;j=j++) 

a[i] [j+1] - a[i] [j] - bCi+11 Cj3; 

else 

for(i=0; i<N;i++) 

for(j=0; j<8;j=j++) 

dCj.] = c[j+l] + 2; 

for(i»0; i<N; i++) { 

d[i] = dCi+1] + 2; 
a[i] [i] — b[i] + 3; 

} 
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After loop interchange, we obtain: 

if (k > O) 

forlj— 0; j<8;j-j++) 
for(i=0; i<N;i++) 

a[i][j+l] - a[i][j] - b[i+13Cj]f 

else 

for{i=*0; i<N;i++) 

for (j=0; j<8;j=j++) 

d[j.3 = c[j+l] + 2; 

for(i=0; i<N;i++) { 

d[i] - d[i+l] + 2; 
a[i] [i] = b[i] + 3; 

} 

After vector code generation, we obtain 

if • (k > O) 

for ( j ^0 ; j <8 ; j = j ++ ) 

a [0:N-1] [j+1] -a[0:N-l][j] - b[0:N] [j] 

else 

for(i=-0; i<N;i++) 

d[0:8] = c[l:9] + 2; 

d[0:N-l] - d[l:N] + 2; 
a[0:N-l] [0:N-1] - b[0:N] + 3; 
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4 Compiler Specification for the 
PACT XPP 



4.1 introduction 

A cached RISC-XPP architecture exploits its full potential on code that is characterized by high data 
locality and high computational effort A compiler for this architecture has to consider these des lg n 
constraints. The compiler's primary objective is to concentrate computational expensive calculations 
to innermost loops and to make np as much data locality as possible for them. 

The compiler contains usual analysis and optimizations. Avs interprocedural analysis, like alias analy- 
sis, are especially useful, a global optimization driver is necessary to ensure the propa gafaonof global 
information to all optimizations. The following sections concentrate on the way the PACT XPP influ- 
ences the compiler. 



4.2 Compiler Structure 

Figure 51 shows the main steps the compiler must follow to produce code for a system containing a 
RISC processor and a PACT XPP. The next sections focus on the XPP compiler itself, but first the 
other steps are briefly described. 
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Figure 51: Global View of the Compiling Process 



A2A Code Preparation 

This step takes the whole program as input and can be considered as a usual compiler front-end. It will 
prepare the code by applying code analysis and optimizations to enable thie compiler to extract ms 
many loop nests as possible to be executed by the PACT XPP. Important optimizations are idiom rec- 
ognition, copy propagation, dead code elimination, and all usual analysis like dataflow and alias analy- 
sis. 

4.2.2 Partitioning 

Partitioning decides which part of the program is executed by the host processor and which part ts 
executed by the PACT XPP. 

A loop nest is executed by the host in three cases: 

■ if the loop nest is not well-formed, 

■ if the number of operations to execute is not worth it to be executed on the PACT XPP, or 

■ if it is impossible to get a mapping of the loop nest on the PACT XPP. ; 

A loop nest is said to be well-formed if the loop bounds and the step of all loops are constant, the loo-p 
induction variables are known and if there is only one entry and one exit to the loop nest. 

Another problem arises with loop nests where the loop bounds are constant but unknown at compile 
time. Loop tiling allows to overcome this problem, it will be described be!ow\ Nevertheless it could b»e 
that it is not worth it to execute the loop nest on the PACT XPP if the loop bounds are too low. A con- 
ditional instruction testing if the loop bounds are large enough can be introduced, and 2 versions of tti_e 
loop nest are produced. One would be executed on the host processor, and the other on the PACT XPI? 
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when the loop bounds are suitable. This would also ease applications of loop transformations, as pos- 
sible compensation code would be simpler due to the hypothesis on the loop bounds. 



4.2.3 RISC Code Generation and Scheduling 

After the XPP compiler has produced NMDC code for the loops chosen by the partitioning plxase, the 
main compiling process must handle the code that will be executed by the host processor vvrhere in- 
structions to manage the configurations have been inserted. This is the aim of the last two steps : 

- RISC Code Generation and 
■ RISC Code Scheduling. 

The first one produces code for the host processor and the second one optimizes it further by looking 
for a better scheduling using software pipelining for instance. 



4.3 XPP Compiler for Loops 

Figure 52 describes the internal processing of the XPP Compiler. It is a complex cooperation between 
program transformations, included in the :XPP Loop Optimizations, a temporal partitioning phase, 
NML code generation and the mapping of tfcie configuration on the PACT XPP. 



exit* 



1 

XPP Loop Opt. 



no 



too many fails?] 



foil & no change || topbi^ 

no 1 



Temporal Partitioning 



yes 



NML Code Gen. 



fail 



capacity? 

I ok 



Mapping 



fail 




Figure 52 . Detailed Architecture qf the XPP Compiler 



First loop optimizations targeted at the PACT XPP are applied to try to produce innermost loop bodies 
that can be executed on the array of processors. If this is the case, the NML code generation phase is 
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called if not then temporal partitioning is applied to get several configurations for the same loop. After 
SS/ co* deration and the mapping phase, it can also happen that a configuration will not fit on 1h_e 
JScTMfESi ease the loop optimizations are applied again with respect to the reasons of fiulm-e 
rfteNML code generation or of the mapping. If this new application of loop optimizations does not 
IngeTcode! Liporal partitioning is applied. Furthermore we keep track of the number of a*- 
temrts for the TSfML Code Generation and the mapping, if too many attempts are made, and we still <Lo 
Tobtem a solution, we break the process, and the loop nest will be executed by the host processor. 

4.3.1 Temporal Partitioning 

Temporal partitioning splits the code generated for the PACT XPP in several conf.g^om if ^e 
number of operations? i.e. the size of the configuration, to be executed in a loop nest exceeds the m«rm- 
bToVopSSns executable in a single configuration. This transformation is called loop < d = nmg 
[6]. These configurations are then integrated in a loop of configurations whose number of executio n 
corresponds to the iteration range of the original loop. 

4.3.2 Generation of NML Code 

This step takes as input an intermediate Form of the code produced by- the XPP Loop Optimizations 
step, together Avith a dataflow graph built upon it. NML code can then be produced by using tree- or 
DAG-pattern matching techniques. 

4.3.3 Mapping Step 

This step takes care of mapping the NML modules on the PACT XPP by placing the operations on time 
ALUs, FREGs, and BREGs, and routing trie data through the buses. 



4.4 XPP Loop Optimizations Driver 

The loop optimizations used for the PACT XPP are now described. Their g^rT^^e^iS 
parallelism as possible from the loop nests in order to execute them or* die PACT XPP by "grtDg 
L ALU-PAEs as effectively as possible and to avoid memory bottlenecks wiAme IRAMs Jhe fW- 
towtag sections explain how they are organized and how to take into account the architecture for *> 
plying the optimizations. 

4.4.1 Organization of the System 

Fieure 53 below presents the organization of the loop optimizations. The transformations are divided 
fnSoups O^er standard optimizations and analysis are applied in-between. Each group could be 
calledfevS times. Loops oveV several groups can also occur if needed, The number of iterations for 
each drive? Ioo7can be of constant value or determined at compile time by the optimizations itself 
fe a reSuntiU certain code quality is reached). In the first iteration of the loop, * can be checked if 
o? P Sa^ usable for the PACT XPP, it is mainly directed to check the loop bounds etc. For nn- 
sZceTuinoZnest is well-formed and the data dependence graph does not prevenl ^optimization 
S e I* boundTare unknown, then in the first iteration loop tiling: is applied to get an innermost 
Ztt eaX to handle and can be better optimized, and in the second iteration, loop 
conversion, loop interchange and other optimizations can be applied to effectively ophmize themner- 
most loops for me PACT XPP. Nevertheless mis has not been necessary until now with the examples 
presented in the next chapters. 
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Group I ensures that no procedure calls occur Ln the loop nest. Group II prepares the loop bodies by 
removing loop-invariant instructions and conditional instruction to ease the analysis. Group HI gener- 
ates loop neste suitable for the data dependence analysis. Group IV contains optimizations to transform 
the loop nests to get data dependence graphs that are suitable for vectorization. Group V contains <yp- 
SSoSat ensure that the innermost loops can be executed on the P^CT XPP. Group VI contauns 
optimizations that further extract parallelism from the loop bodies. Group VH contains optimizations 
more towards optimizing the usage of the hardware itself. 

In each group the application of the optimizations depends on the result of the analysis and the char- 
acteristic* of the loop nest. For instance it is clear that not all transformations m Group IV are applied. 
It depends on the data dependence graph computed before. 

Group I 



>ing_ 



* 

Group D 

loop-invariant code motion 
loop unswitching 
strength reduction 
induction variable elimination 



Group m 




loop reversal 




loop normalization 







Group IV 
loop peeling 
loop splitting 
node splitting 
loop skewing 
scalar expansion 
statement reordering 



Group V 

loop intercliangc 
loop distribution 
loop collapsing 
loop tiling 
strip-mining 
loop alignment 



t— 

Group VI 
loop fusion 

reduction recognition 

scalar replacement 

loop unroll ing/vuiroll&j am 



Group VH 

Data duplication 
Shift register synthesis 
Loop pipelining- 
Tree balancing 
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Figure 53: Detailed View of the XPP Loop Optimizations 



4A2 Loop Preparation 

The optimizations of Groups I, II and 01 of the XPP compiler generate loop bodies withourt procedure 
calls, conditional instructions and induction variables other uaan loop control variables. Thus loop 
nests, where the innermost loops are suitable for execution on thie PACT XPP, are obtained. The itera- 
tion ranges are normalized to ease data dependence analysis and the application of other code trans- 
formatioiis. 



4.4.3 Transformation of the Data Dependence Graph 

The optimizations of Group IV are performed to obtain innermost loops suitable for vectorization with 
respect to the data dependence graph. Nevertheless a difference with usual vectorization Ls that a de- 
pendence cycle, that would normally prevent any vectorization of the code, does not prevent the opti- 
mization of a loop nest for the PACT XPP. If a cycle is due to an anti-dependence, then it could be that 
it won't prevent optimization of the code as stated in [7]. Furthermore dependence cycles will not pre- 
vent vectorization for the PACT XPP when it consists only of a loop-carried true dependence on the 
same expression. If cycles with distance k occur in the data dependence graph, then this can be han- 
dled by holding k values in registers. This optimization is of the same class as cycle shrinking. 

Nevertheless limitations due to the dependence graph exist Loop nests cannot be handled if some 
dependence distances are not constant, or unknown. If only a few dependences prevent the optimiza- 
tion of the whole loop nest, this could be overcome, by using the traditional vectonzatiom algorithm 
that sorts topological^ the strongly connected components of Hie data dependence graph, (statement 
reoraering), and then apply loop distribution. This way, loop nests, which can be handled by the PACT 
XPP and some by the host processor, can be obtained. 

4.4.4 Influence of the Architectural Parameters 

Some hardware specific parameters influence the application or the loop transformations. The number 
of operations and memory accesses, that a loop body performs, is estimated at each step. These pa- 
rameters influence loop unrolling, strip-mining, loop tiling and ailso loop interchange (iteration range). 

The table below lists the parameters that influence the application of the optimizations. Tor each of 
them two data are given: a starting value computed from the loop, and a restriction value which is the 
value the parameter should reach or should not exceed after the application of the optimizations. Vec- 
tor length, depicts the range of the innermost loops, i.e. the number of elements of an array accessed m 
the loop Ijody. Reused data set sLze represents the amount of data that must fit in the cache. I/O 
IRAMs ALU FREG, BREG stand for the number of IRAMs, ALUs, FREGs, and BREGs respec- 
tively that constitute the PACT XPP. The dataflow graph width represents the number of: operations 
that can be executed in parallel in the same pipeline stage. The dataflow graph height represents the 
length of the pipeline. Configuration cycles amounts to the length of the pipeline, and to the number of 
cycles dedicated to the control. The application of each optimization may 
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■ decrease a parameter's value w» 

■ increase a parameter's value (+), 

■ not influence a parameter (id), or 

■ adapt a parameter's value to fit into the goal size (make fit). 

Furthermore, some resources must be kept for control in the configuration; this means that the optimi- 
zations should not make the needs exceed more than 70-80°/^ each resource. 



Parameter 


Goal 


Starting: Value 


Vector length 


IRAM size (256 words) 


Loop count 


Reused, data set size 


Approx. cache size 


Algorithm analysisVloop sizes 


I/OIRAMs 


PACT size (16) 


Algorithm inputs +- outputs 


ALU 


PACT size (< 64) 


ALU opcode estimate 


BREG 


PACT size (< 80) 


BREG opcode estimate 


FREG 


PACT size (< 80) 


FREG opcode estimate 


Data flow graph width 


High 


Algorithm dataflow graph 


Data flow graph height 


Small 


Algorithm dataflow graph 


Configuration cycles 


< command line parameter 


Algorithm analysis 



Here are some additional notations used in the following .descriptions. Let/i be the total number of 
processing elements available, r, the width of the dataflow graph, in, the maximum number -of mput 
values in a cycle and out, the maximum number of output values possible in a cycle. On the PACT 
XPP n is the number of ALUs, FREGs and BREGs available for a configuration, r is the number of 
ALUs FREGs and BREGs that can be started in parallel in the same pipeline stage and, m and out 
amour* to the number of available IRAMs. As IRAMs have 1 input port and 1 output port, the number 
of TRAMs yields directly the number of input and output da*a. 

The number of operations of a loop body is computed by adding all logic and arithmetic operations 
occurring in the instructions. The number of input values is the number of operands of the instoictions 
regardless of address operations. The number of output values is the number of output operands of the 
instructions regardless of address operations. To determine the number of parallel operations input 
and output values, and the dataflow graph must be considered. The effects of each transformation on 
the architectural parameters are now presented in detail. 

Loop Interchange 

Loop interchange is applied when the innermost loop has a too narrow iteration range. In that case, 
loop interchange allows to have an innermost loop with a more profitable iteration range It can also be 
influenced by the layout of the data in memory. It can be profitable to data locality to interchange two 
loops to get a more practical way to access arrays in the cache and therefore prevent cache misses. It is 
of course also influenced by data dependences as explained earlier. 
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Parameter 


Effect 


Vector length 


+ 


Reused data set size 


make fit 


I/O IRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


id 


Data flow graph height 


id 


Configuration cycles 





Loop Distribution 

Loop distribution is applied if a loop body is too big to fit on the PACT XPP. Its main effect is to re- 
duce the processing elements needed by the configuration. Reducing the need fox IRAMs can only be 
a side effect. 



Parameter 


Effect 


Vector length 


id 


Reused data set size 


id 


I/O IRAMs 


make fit 


ALU 


make fit 


BREG 


make fit 


FREG 


make fit 


Data flow graph width 




Data flow graph height 




Configuration cycles 





Loop Collapsing 

Loop collapsing can be used to make the loop body use more memory resources. As several dimen- 
sions are merged, the iteration range is increased and the memory needed in increased as well. 
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Parameter 


Effect 


Vector length 


+ 


Reused data set size 


+ 


I/OIRAMs 


+ ■ 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


+ 



Loop Tiling 

Loop tiling as multi-dimensional strip-mining, is influenced by all parameters, it is especially useful 
when the iteration space is by far too big to fit in the IRAM, or to guarantee maximum execution tune 
when the iteration space is unbounded (see Section 4.4.6). It can then make the loop body fit with re- 
spect to the resources of the PACT XPP, namely the IRAM and cache line sizes. The size of the tiles 
for strip-mining and loop tiling can be computed like this: 

tile size = resources available for the loop body / resources necessary for the loop body 

The resources available for the loop body are the whole resources of the PACT XPP for this configu- 
ration. A tile size can be computed for the data and another one for the processing elements, the final 
tile size is then the minimum between these two. For instance, when the amount of data accessed is 
larger than the capacity of the cache, loop tiling can be applied like below. 

for(i=0;i <= 1048576;i++) for(i-0; i<= 1048576; i+= CACHE_SIZE) 

<loop body> fozrO-0; j< CACHE_SIZE; j+=IRAM_SIZE> 

for(k=0; k<IRAM_S -CZE; k++) 
<tiled loop body> 



Figure 54: Example of loop tiling for the PACT XPP 
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Parameter 


Effect 


Vector length 


make -fit 


Reused data set size 


make :±it 


I/OlRAJVIs 


id- 


ALU 


id 


BREG 


id | 


FREG 


id 


Data flow graph width 


+ 


Data flow graph-height 


+ 


Configuration cycles 





Strip-Mining 

Strip-mining is used to make the amount of memory accesses of the? innermost loop fit wrth the 
IRAMs capacity. Tlie processing elements do not usually represent a problem as the PACT XPP has 
64 ALU-PAEs which should be sufficient to execute any single loop body. Nevertheless, the number 
of operations can be also taken into account the same way as the data. 



Parameter 


Effect 


Vector length 


makerfit 


Reused data set size 


id 


I/O IRAJMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Gonfiguration cycles 





Loop Fusion 

Loop fusion is applied when a loop body does not use enough resources. In this case several loop 
bodies can be merged to obtain a configuration using a larger part of the available resources. 
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Parameter 


Effect 


Vector length 


id 


Reused data set size 


id 


I/OIRAMs 


+• 


ALU 


+ 


BREG 


+ 


FREG 


+ 


Data flow graph width 


id 


Data flow graph height 


+ 


Configuration cycles 


4- 



Scalar Replacement 

The amount of memory needed by the loop body should always ftt in the IRAMs. Thanks to this opti- 
mization, some input or output data represented by array references, that should be stored in IRAMs, 
are replaced by scalars, that are either stored in FREGs or kept on buses. 



Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/OIRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


id 



Loop Unrolling 

Loop unrolling, loop collapsing, loop fusion and loop distribution are influenced by the? number of 
operations of the body of the loop nest and the number of data inputs and outputs of these* operations, 
as they modify the size of the loop body. The number of operations should always be smaller than/i,' 
and the number of input and output data should always be smaller than in and out. 
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Parameter 


Effect 


Vector length 




Reused data set size 


id. 


I/OIRAMs 


+ 


ALU 


+ 


BREG 


+ 


FREG 


+ 


Data flow graph width 


id 


Data flow graph height 


+ 

1 


Configuration cycles 


+ 



Unroll-and-Jam 

Unroll-and-Jam consists in unrolling an outer loop and then merging the inner loops It must compute 
the unrolling degree « with respect to the number of input memory accesses m and output memory 
accesses p in the inner loop. The following inequality must hold: u*m<in^u*p< out. Moreover 
the number of operations of the new inner loop must also fit on the PACT XPI>. 



Parameter 


Effect 


Vector length 


id 


Reused data set size 


+ 


I/O IRAMs 


+ 


ALU 


+ 


BREG 


+ 


FREG 


+ 


Data flow graph width 


*~ id 


Data flow graph height 


+ 


Configuration cycles 


+ 



4.4.5 Optimizations Towards Hardware Improvements 

At this step other optimizations, specific to the PACT XPP, can be mate. These .optimizations .deal 
mostly with memory problems and dataflow considerations. This is the case of shift register synthesis, 
input data duplication (similar to scalar privatization), or loop pipelining. 

Shift Register Synthesis 

This optimization deals with array accesses that occur during the execution of a loop body. When sev- 
eral values of an array-are-alive-for-different iterations, it can be convenient to store them in registers 
rather than accessing memory each time they are needed. As the same value must be stored in different 
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registers depending on the number of iterations it is alive, a value shares several registers and flows 
from a register to another at each iteration. It is similar to a vector register allocated to an array access 
with the same value for each element. This optimization is performed directly on the dataflow graph 
by inserting nodes representing registers when a value must be stored in a register. In the PACT XPP, 
it amounts to store it in a data register. A detailed explanation can be found in [1]. 

Shift register synthesis is mainly suitable for small to medium amounts of iterations where values are 
alive. Since the pipeline length increases with each iteration for which the value has to be buffered, the 
following method is better suited for medium to large distances between accesses in one inplit array. 

Nevertheless this method works very well for image processing algorithms which mostly alter a pixel 
by analyzing itself and its surrounding neighbors. 



Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/OIRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


id 



Input Data Duplication 

This optimization is orthogonal to shift register synthesis. If different elements of the sames array are 
needed concurrently, instead of storing the values in registers, the same values are copied in different 
IRAMs. The advantage against shift register synthesis is the shorter pipeline length, and therefore the 
increased parallelism, and the unrestricted applicability. On the other hand, the cache-IRAJVf bottle- 
heck can afTect the performance of this solution, depending on the amounts of data to be mo-ved. Nev- 
ertheless we assume that^cacheJRAjM transfers are negligible to transfers in the rest of the memory 
hierarchy . 
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Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/O IRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 


id 



Loop Pipelining 

This optimization consists in synchronizing operations by inserting delays in the dataflow graph. 
These delays are registers. For the PACT XPP, it amounts to store values in data registers to delay the 
operation using them. This is the same as pipeline balancing performed by xmap. 



Parameter 


Effect 


Vector length 


+ 


Reused data set size 


id 


I/O IRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 





Tree Balancing 

This optimization consists in balancing the tree representing the loop body. It reduces the depth of the 
pipeline, thus reducing the execution time of an iteration, and increases parallelism. 
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Parameter 


Effect ! 


Vector length 


+ 


Reused data set size 


id 


I/O IRAMs 


id 


ALU 


id 


BREG 


id 


FREG 


id 


Data flow graph width 


+ 


Data flow graph height 




Configuration cycles 





4.4.6 Limiting the Execution Time of a Configuration 

The execution time of a configuration must be controlled. This is ensured in trie compiler by strip- 
mining and loop tiling that take care that not more input data as the IRAMs capacity come in the 
PACT XPP in a cycle. This way the iteration range of tlie innermost loop that is executed on the PACT 
XPP is limited, and therefore its execution time. Moreover partitioning ensures tlxat loops, whose exe- 
cution count can be computed at run time, are going to be executed on the PACT XPP. This condition 
is trivial for for-loops, but for while-loops, where the execution count cannot de determined statically, 
a transformation like sketched below can be applied. A.s a result, the inner for-loop can be handled by 
the PACT XPP. 

while (ok) { while (ok) 

<loop body> for- (i=0; i<100 && ok; i4+) { 

} <loop body> 

} . 



Figure 55: Transformation of while-loops 
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5 Case Studies 



5.1 3x3 Edge Detector 



5.1.1 Original Code 

Source Code: 

#define VERLEN 16 
#define HORLEN 16 
main ( ) { 

int v, h, inp; 

int pi [VERLEN] [HORLEN] ; 

int p2 [VERLEN] [HORLEN] ; 

int htmp, vtmp, suiri; 

for(v«0; v<VERLEN; v++) // loop nest 1 

for(h=0; h<HORLEN; h++) { 

scanf( n %d" f &pi [v] [h] ) ; // read input pixels to p 1 
p2[v][h] = 0; // initialize p2 



for(v=*0; v<= VERLEN— 3; v++) { // loop nest 2 
for(h-0; h<=HORLEN-3; h++) { 

htrap - (pl[v+2] [h] - pl[v][h]) + 

<pl[v+2] [h+2] - pi [v] [h+2]) -+■ 
2 * (pl[v+2][h+l] - pl[v][h+aj); 
if (htmp < 0) 
htmp = - htrap> ; 

vtmp = (pl[v][hL+2] - pl[v][h]) +■ 
(pl[v+2] [h+2] - pl[v+2][h}) 
2 * (pi [v+1] [h+2] - pl[v+l] [H]); 
if (vtmp < 0) 
vtmp = - vtmp? ; 

sum = htmp + vtmp; 
if (sum > 255) 

sum » 255; 
p2 [v+1] [h+1] = sum; 

} 

) 

for(v=0; v< VERLEN; v++) // loop nest 3 

for(h=0; h<HORLEISJ; h++) 

printf ("%d\n", p2 [v] [h] ) ; // print output pixels from p2 
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Case Studies 

5.1.2 Preliminary Transformations 

Interprocedural Optimizations 

The first step normally invokes interprocedural transformations like function uolining and loop push- 
ing. Since no procedure calls are within the loop body, these transformations are not applied to this 
example. 

Partitioning 

The partitioning algorithm chooses which code runs on the RISC processor armd which code runs on 
the XPP. Since we only consider inner loops to run on the XPP, the basic blocks are annotated with the 
loop nest depth. Thus basic blocks which are not in a loop are separated out. Furthermore function 
calls within a loop body prevent a loop to be considered for running on the XPP. 

In our benchmark the loop nests 1 and 3 are marked as to run on the RISC host because of the function 
call. In the following sections they are not considered any further. 

It is to say that at this compilation stage it is not predictable if the remaining loop nests can be synthe- 
sized for the XPP. We just separated the ones which definitely cannot run on it, others may follow, 
since running the code on the RISC CPU is always the reassurance in our strategy. 

Loop Analysis and Normalization 

The code upon has already normalized loops. Nevertheless it is more likely thtat human written code 
would look like 

for(v=l; v < VERLEN - 1; v++) { 
for(h=*l; h < HORLEN - 1; h++) { 

htmp = (pi [v+1] [h-1] - pi [v-l] [3n-l] ) + 
(pl[v+l] [h+1] - pi [v-l] [ ) + 

2 * <pl[v+l][h] - pl[v-l J [h] ) ; 
if (htmp < O) 
htmp - - tvtmp; 

vtmp - (pi [v-l] [h+1] - pi [v-l] [ li-l] ) + 
(pl[v+l] [h+l] - pl[v+l] Ch-l] ) + 
2 * (Pl[v][h+lj - pl[vj [h-1]); 
if (vtmp < O) 
vtmp = - vtmp; 

sum — htmp ■+■ vtmp; 
if (sum > 2 55) 

sum = 255 ; 
p2[v+l] [h+1] ^ sum; 

} 

} 

Although seen at first sight by a human reader, it is not obvious for the compiler that the loop is well 
formed. Therefore it is tried to normalize the loop. 

If the original loop induction variable is called / xvith the increment value s and lower and upper loop 
bounds 1 and u, respectively, then the normalized loop with the induction variable /' and the upper 
bound u' (the lower bound T is~0 by~defihition) is -transformed as follows: 
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■ The upper bound calculates to u r = (u-l)/s. 

■ All occurrences of i are replaced by 1 + i' * s_ 

Applied to the code above, the loop statement for (v=l; v < VERLEKT - 1; v++) with the 
lower bound vl = 1, the upper bound vu = 14 ( <: 15 means <= 14 in integer arithmetic) and the incre- 
ment vs = 1 transforms to 

for(vn=0; vn <= (vu - vl)/vs; vnH-+) 
or simplified 

for (vn=0; vn <== 13; vn++) 

The 'h-loop' is transformed equally, issuing the original code. 

Idiom Recognition 

In the second step idiom recognition finds the abs() and min() structures in *he loop body. Please note 
that although the XPP has no abs opcode, it can easily be synthesized and should therefore be pro- 
duced to simplify the internal representation (otherwise if-conversion has to handle this case whicha 
increases the complexity). 

Therefore the code after idiom recognition looks like (abs() and min0 are compiler known functions 
which are directly mapped to XPP opcodes or predefined NML modules) 

for (v=0; v<=16-3; v++) { 
for(h«0; h<=16-3; h++) { 

htmp - (pi [v+2J [h] - pl[v][h]> + 

(pi [v+2J [h+2] - pl[vj [ri+2] ) + 
2 * (pl[v+2] [h+1] - plCv] [h+1]); 
htmp = abs (htmp) ; 

vtmp « (pi [v] [h+2] - pl[v] [h] ) + 

(pi [v+2] [h+2] - pi [v+2] [h]) + 

2 * <pl[v+l] [h+2] - plCv+1] [h]); 
vtmp ■ abs (vtmp) ; 

sum = min(htmp + vtmp, 255); 
p2[v+l] [h+1 ] = sum; 

} 

} 



Dependency Analysis 

for(v=0/ v<=16-3; v++) { 
for(h=0; h<=16-3; h++) { 

51 htmp = (pi [v+2] [h] - pl[v] [h]) + 

(pi [v+2] [h+2] - pi [v] [h+2]) + 
2 * (pi [v+2] [h+1] - pi [v] [h+1]); 

52 htmp = abs (htmp); 

53 vtmp - (pi [v] [h+2] - pl(v] [h]) + 

(pi [v+2] [h+2] - pl[v+2][hj) + 
2 * (pl[v+l] [h+2] - pl[v+l][h]); 

54 vtmp = abs (vtmp) ; 
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} 



Figure 56 The expression tree of the edge 3x3 inner loop body 



sum = min (htmp + vtmp}, 255); 
F>2 [v+1] [h+1] = sum; 



. } 



There are no loop carried dependencies which prevent pipeline vectorizattion. The loop independent 
scalar dependencies do not prevent pipeline vectorization since the transformation does not disturb the 
order of reads and writes. Furthermore forward expression substitution / dead code elimination will 
remove the scalars completely. 



5.1.3 Pre Code Generation Transformations 



Forward Expression Substitution /Dead Code Elimination 

The lack of uses of htmp, vtmp and sum after the loop nest allows forward expression substitution 
along with dead code elimination to place the whole calculation into one statement. 

p2[v+l][h+l] — min(abs( <pl[v+2][h] - pi [v] [h] ) + 

(pl[v+2] [*i+2] pl[v][h+2]) + 
2 * (pl[v-H2] [h+l] -pl[v] [h+1] ) ) 
+ abs( (pl[v][h-h2] - pi [v] [h] ) + 

(pl[v+2]'[li+2] - plfv+2] [h] ) + 

2 * (pl[v-H] [h+2] - pl[v+l][h]) >, 255); 



The scalar accesses then disappear completely. 
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Mapping to IRAMs 

The array accesses are mapped to IRAMs. At this stage the IRAM numbers are chosen arbitrarily, *ie 
actual mapping to XPP IRAMs is done later. 

Therefore we rename pl[v+x][h+y] and p2[v+x][h+y] to iramN[y]) (e.g. pl[v+2][h] to iram2[0]). Tbe 
code reads then 

iram3[l] = min (abs_(±Eam2-[-0-]— - iraitiO [0]) + 
(iram2[2] - iram0[2 3 ) + 
2 * (iram2[l] - iram0[l]) + 
abs (iramO [2] - iram0[0]) + 
(iram2[2] - iram2[0] + 
2 * (iraml[2] - iraml[0]), 255); 

Tree Balancing 

The visualized expression tree in Figure 56 shows another valuable optimization before matching tlie 
tree Since the depth of the tree determines the length of the synthesized pipeline, another simplifica- 
tion can decrease this depth. In both of the main sub trees the operands of the commutative add ex- 
pressions can be interchanged to reduce the overall tree depth. 




Figure 57 One of the sub trees before and after balancing. The numbers represent the annotated maximum tree 

depth from the node to its deepest child leaf node 

The resulting expression tree is shown in Figure 57. 



5.1.4 XPP Code generation 

Pipeline Synthesis 

As already stated the pipeline is synthesized by a dynamic programming tree matcher In contrast to 
sequential processors it does not generate instructions and register references but PAE opcodes aaid 
port connections. The main calculation network is shown in Figure 58. The input data preparation 
network is not shown in this figure. The case of synthesized shift registers are shown mFigure 59, 
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while the variant with duplicated input data simply consists of an IRAM for each input channel in 
Figure 58. 

Although -this is straight forward, there remains the question how to access the different offsets of the 
vector register accesses. Although the RAM-PAEs are dual ported it is obvious that it is not possible to 
read different addresses concurrently. 

Since it is not efficient to synthesize a configuration which generates the different addresses sequen- 
tially and demultiplexes the read operands into different branches of the data flow, other arrangements 
have to be made. 

The two possibilities to access input data presented in subsection 4.4.5 yield the following in RISC 
pseudo code and XPP utilization.. The pseudo code running on the RISC core looks like 

XPPPreload ( conf i g ) 

for (v=0/ v<=16-3; v++) { 

XE>PPreload(0, &pl [v] , 16) 

XE>PPreload(l, &pl [v+1] , 16) 

XE>PPreload(2, &pl[v+2], 16) 

XE>PPreloadClean ( 3 , &p2 [-v+1] , 16) 

XE>PExecute(config, IRAM (0) , IRAM(l), IRAM (2 ) , IRAM(3)) 

} 

for shift register synthesis and like 

XPPPreload ( conf ig ) 

for (v=0; v<=16-3; v++) { 

XE»PPreload(0, &pl [v] , 16) 

X£»PPreload(l, &pl [v] , 16) 

XE>PPreload(2, ■ &pl[v], 16) 

XE>PPreload(3, &pl [v+1] , 16) 

XE»PPreload(4, &pl [v+1] , 16) 

XE»PPreload(5, &pl [v+2] , 16) 

XE»PPreload(6, &pl [v+2] , 16) 

XE»PPreload(7, &pl [v+2] , 16) 

XE»PPreloadClean(3, &p2 [v+1] , 16) 

XE>PExecute(config, IRAM (0) , IRAM(l), IRAM (2 ) , IRAM(3)) 
IRAM(4), IRAM(5), IRAM(6), IRAM(7).) 

} 

for data duplication, respectively. 
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I 15 




— ^11 

Figure 59 One input after shift register synthesis. The leftmost input contains pi ON* the middle on*z 
pl[][h+lj and the rightmost pl[][h+2] t respectively. 

The values for place & route and simulation are compared in the following table. Note mat a common RJISC DSP 
with two MAC units and hardware loop support needs about 4000 cycles for the same code. This comparison 
does not account for cache misses. Furthermore it is obvious, that the number of input values is very small in this 
example and the DSP calculation time is proportional to that number. The XPP performance on the othea: hand 
will improve with the number of input values. Therefore the XPP performance will be more impressive with 
bigger image sizes. 



Parameter 


Value (shift register synthesis) 


Value (data duplication) 


Vector length 


16 


16 


Reused data set size 


256 


256 


I/OIRAMs 


31+10=4 


81+10 = 9 


ALU 


27 


21 


BREG 


2 1 (1 defined + 20 route) 


10 (1 defined + 9 route) 


FREG 


22 (9 defined + 23 route) 


19 (3 defined + 16 route) 


Data flow graph width 


14 


14 


Data flow graph height 


3 (shift registers) + 8 (calculation) 


8 (calculation) 


Configuration cycles (simulated) 


configuration 


2262 


configuration 


2145 




preloads 1 


14*3*4 16S 


preloads 


8*8*4 256 




cycles 


14*57 795 


cycles 


14*52 728 




sum 


322* 


sum 


3129 



1 assuming 4 words/cycle burst transfer 
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5.15 Enhancing Parallelism 

After the synthesis the configuration calculating the inner loop utilizes 27 ALUs and 4 IRAMs for shift 
register synthesis and 21 ALUs and 9 IRAMs for data duplication, respectively. Assuming a XPP64 
core this leaves plenty of room for further optimizations. Nevertheless, since all optimizations en- 
hancing parallelism are performed before the synthesis takes place, it is crucial that they- estimate the 
needed resources and the benefit of the transformation very carefully. Furthermore they have to ac- 
count for both input preparation strategies to estimate correct values. 

Loop Unrolling 

Fully unrolling the inner loop would not lead to satisfying results, because the number of inputs and 
outputs increases dramatically. That means data duplication would not be applicable and shift register 
synthesis would exhaust most of the benefits of the parallelisms by producing a very long pipeline for 
each data flow graph. Although partial unrolling of the inner Io op would be applicable it promises not 
much benefit for the area penalty introduced. 

Loop unrolling the outer loop is also not applicable since it produces a further configuration. Never- 
theless a. related transformation could do a good job on this loop nest. 



Unroll-and-Jam 

The unroll-and-jam algorithm enhances parallelism and also improves ERAM usage. It brings pairs of 
iterations together ideally reusing IRAM outputs and calculation results. The algorithm partially un- 
rolls the outer loop and fuses the originated inner loops. Before the unroll-and-jam is performed the 
so-called unroll-and-jam factor must be determined which denominates the unrolling factor of the 
outer loop. This is mainly influenced by the number of ALUs/j <= 64 assuming XPP64) arid calculates 
n 64 

to c unroiUand-jam = — = — = 2 (integer division). 

' "inner loop ^ ' 

Thus the source code would be transformed to. 

for(v=0; v<=VERLEN-3; v+-=2) { 

for(h=0; h<-HORLEN-3; h++) { 

p2[v+l][h+l] = min( abs ( (pi [v+2] [h] - pi [v] [h] ) + 

(pl[v+2] [h+2 ] - pl[v] [h+2] ) + 
2 * (pi [v+2] [h+l_3 - pl[v] [h+l] )) + 
abs ( (pi [v] [h+2] -pl[v][h]) + 

(pi [v+2] [h+2 ] -pl[v+2][h3) + 
2 * (pl[v+l) [h+2] - pl[v+l] [h])), 255); 
p2 [v+2] [h+l] = mint abs ( (pi [v+3] [h] - pl[v+l][h]) + 

(pl[v+3] [h+ 2] - pl[v+l] [h+2]) 
2 * (pi [v+3] [h+L] - pl[v+l] [h+l] )) -+ 
abs{ (pl[v+l] [h+2] -pl[v+l][h]) + 
(pi [v+3] [h+ 2] -pl[v+3][h]) + 
2 * (pi [v+2] [h+2 ] - pi [v+2] [h])), 255); 

} 

} 

The transformation introduces additional accesses to pl[v+3] £h], pl[v+3][h+2], pl[v-+3][h+l], and 
pl[v+l][h+l] (the former hole in the access pattern) as well as a write access to p2[v+-2]][n+l]. That 
means 2 IRAMs more for shift register synthesis (one input, one output) and 5 IRAMs rmore for data 
duplication (4 input, 1 output), while performance is doubled. 
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Parameter 


Value (shift register syrmthesis) 


Value (data duplication - no 
IRAM placement) 


Vector length 


16 


16 


Reused data set size 


256 


256 


I/O IRAMs 


41+20=6 


12 1 + 2 O =14 


ALU 


45 


37 


BREO 


31 (12 defined + 19 route) 


42 (4 defined +- 38 route) 


FREG. 


29 (1 defined + 28 route) 


.18(1 defined +- 17 route) 


Data flow graph width 


14 


14 


Data flow graph height 


3 (shift registers) + 8 (calculation) 


8 (calc 


ulation) 


Configuration cycles (simulated) 


configuration 
preloads 
cycles 
sum 


2753 

7*4*4 112 
7*53 371 
3236 


configuration 
preloads 
cycles 
sum 


2754 

7*12*4 336 
7*69 483 
3573 




Parameter 


Value (data duplication - with 
IRAM placement]) 




Vector length 


16 




Reused data set size 


256 




I/O IRAMs 


121 + 20 = 14 




ALU 


37 




BREO 


36 (4 defined + 32 iwte) 




FREG 


24 (1 defined + 23 romite) 




Data flow graph width 


14 




Data flow graph height 


3 (shift registers) + 8 (calculation) 






Configuration cycles (simulated) 


configuration 
preloads 
cycles 
sum 


2768 

7*12*4 336 
7*51 357 
3461 







The simulated results are shown in the taDie aoove. rieas«= nine u«= uuk»w««o ■ 

labeled with "data duplication". The first used xmap to place the IRAMs, while to "the second the 
IRAMs were placed by hand using a greedy algorithm wttich places IRAMs that are operands of the 
same operator in one line (as long as this is possible). The second solution improved ttie iteration cy- 
cles by 18. This shows that IRAJVI placement has a great inrpactto the final performance. 

The traditional unroll-and-jam algorithm uses loop peeling to split the outer loop in a preloop and an 
unroll-able main loop to handle odd loop counts. When we assume for instance/! = 128 *he unroll-and- 
jam factor would calculate to 



128 

^unroll -and -jam ^rj 
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Since the outer loop count (14) is not a multiple of 4, the algorithm virtually peels off the first two 
iterations and fuses the two loops at the end adding guaxds to the inner loop bod>^. Then the code looks 
Like (guards emphasized) 



for (v=0; v<=VERLEM-5; . v+=4 ) { 

for(h=0; h<=H!ORLEN-3 ; h++) 



{ 



p2 [v+1] [h+1] = min( 



p2[v+2] [h+1] = min{ 



±f(v>0) p2 [v+3] [h+1] - min( 



p2 [v+43 [h+1] - min( 



abs ( (pl[v-*-2] [h] - 
(pl[v+-2] [h+2] 
2 * (pl[v+-2] [h+1] 
abs ( (pl[v] [h+2] - 
(pl[v+-2] [h+2] 
2 * (pl[v+-l] [h+2] 
abs ( (pl[v-*3] [h] - 
(pl[v-+3] [h+2] 
2 * (pl[v+-3] [h+1] 
abs ( (pl[v+-l] [h+2] 

(pi [v+3] [h+2] 
2 * (pl[v+-2] [h+2] 
abs( (pl[vH-4] [h] - 
(pi [v+4] [h+2] 
2 * (pl[v+-4] [h+1] 
abs ( (pl[v+-2] [h+2] 

(pi [v+4] [h+2] 
2 * (pl[v+-3] [h+2] 
abs( (pl[v-*5] [h] - 
(pl[v+5] [h+2] 
2 * (pl[v+~5] [h+1] 
abs( (pl[v+-3] [h+2] 

(pl[v+5] [h+2] 
2 * (pl[v+-4] [h+2] 



pl[v][h]) -f 

- pl[v] [h+2] ) + 

- pl[v] [h+O.] ) ) + 
pl[v] [h]) -+ 

- pl[v+2] [In]) + 

- pi [v+1] [ti] ) ) , 255) ; 
pi [v+1] [h] ) + 

- pi [v+1] Eh+2] ) + 

- pi [v+1] [ti+1] ) ) + 

- pi [v+1] [ti]) + 

- pl[v+3] Ch]) + 

- pl[v+2] [)n] ) ) , 255); 
pl[v+2] [h] ) + 

- pl[v+2] Ch+2] ) 

- pl[v+2] [ti+1] ) ) 

- pl[v+2] [In]) + 

- pi [v+4] Ch]) + 

- pl[v+3] [In] ) ) , 255) ; 
pl[v+33 [h] ) + 

- pl[v+3] Ch+2]) 

- pl[v+3] [ti+1] ) ) 

- pl[v+3] [ti] ) + 

- pl[v+5] Ch] ) + 

- pi [v+4] [hi] ) ) 



+ 
+ 



+ 
+ 



255) ; 



5.1.6 Parameterized Function 



Source code 

The benchmirk source cade is not very likely to be written in that form in real world applications. 
Normally it would be encapsulated in a function with, parameters for input and output arrays along 
with the sizes of the picture to work on. 

Therefore the source code >vould look similar to: 

pi, int *p2, int HORLEN , int VERLEN) 



void edge3x3(int 
i 

for(v«=0; v<=VERLE"ISJ-3; v++) { 
for(h=0; hO=H0RLEN-3 ; h++) 
htmp = (**(pl + (v+2) * 
(**(pl + (v+2) * 
2 * (**(pl + (v+2) * 
if (htmp < 0) 

htmp = — htmp; 
vtmp « (**(pl + v 
(**(pl + (v+2) 
2 * (**{pl + (v+1) 
if (vtmp < 0) 

vtmp « — vtmp; 



{ 

HORLEN + h) 

HORLEN + h+2) 

HORLEN + h+3.) 



**(pl 
**(pl 



(Pi 



* HORLEN + h+-2) 

* HORLEN + h+2) 

* HORLEN + h+2) 



** (pi 
** (pi 
**(pl 



+ HORLEN 

* HORLEN 

* HORLEN 



h)) + 

h+2))+ 

h+1)); 



v * HORLEN 
(v+2) 
(v+1) 



+ h)) + 
HORLEN + h) )+ 
HORLEN + h) ) ; 



sum = htmp + vtmp; 
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if (sum > 255) 

sum 255; 
**(p2 + (▼+!) * HORLEN + h+1) - sum; 

} 

}} - 
This requires some additional features from the compiler. 

■ interprocedural optimizations and analysis 

- hints by the* Programmer (e.g. a compiler known assert(VERLEN % 2 = 0) makes unroll-and-jam 
actually possible without peeling off iterations and running them conditionally) 

Fitting the Algorithm Optimally to the Array 

Since HORLEN and "VERLEN are not known at compile time these unknown parameters m^uce 
some constraints which prevent pipeline vectorteation. The compiler must assume that the ^IRAMs 
cannot hold all HORLEN input values in a row, so pipelme vectonzation would not be possible. 

Strip Mining Inner Loop 

Strip mining partitions the inner loop into a loop that runs over a s^p wlmich is ch ^^^ 
same size as the IRAlMs can hold and a by strip loop iterating over the strips. Of course the stnp loops 
upper bound must be adjusted for the possible incomplete last strip. After tlie stnp mining the original 
code would look like <outer v-loop neglected): 

for(h«0; h <= HORLEN- 3; h+= stripsize) 

for(hh=h; h<™n<h+stripsi Z e-l, HORLEN-3) ; hh+ + { 

htmp « (** (pl + (v+2) * HORLEN +- hh) - ** {pi + v * HORLEN + nti) ) 



Assuming a IRAM size strip size of 256 the following simulated results can be obtained for one strip. 



Parameter 


Value (shift register synthesis) 


Value (data duplication - with 
IRAM placement) 


Vector length 


16 


16 j 


Reused data set size 


256 


256 


I/OIRAMs 


41+ 20 = 6 


121 + 20=14 


ALU 




37 


BREG 


31 (12 defined + 19 route) 


42 (4 denned + 38 route) ! 


FREG 


29 (1 defined + 28 route) 


IS (1 defined + 17 route) 


Data flow graph width 


14 


14 


Data flow graph height 


3 (shift registers) + 8 (calculation) 


8(calc 


;ulation) 


Configuration cycles (simulated) 


configuration 
preloads 
cycles 
sum 


2753 

7*4*64 1792 
128*530 67840 
72385 


configuration 
preloads 
cycles 
sum 


2754 

7*12*64 5376 
128*553 70784 
78914 



The RISC DSP needs about 1.47 million cycles ior mis amoum oi u""- -™ —" -~ 
values do not include cache miss penalties and truly underestimate tiie real values * ™ 
be seen that data duplication does not improve tfae performance. The reason for this seems to be an 
worse placement and routing. 
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5.2 FIR Filter 



5.2.1 Original Code 



Source code: 

#define N 256 
#define M 8 

for (i - 0; a. < N-M+l; i++) { 
S: y[i] - 0; 

for (j - Op j < M; 
S' : y[i] +— c[j] * x[i+M-j-l]; 
} 

The constants N and Mare replaced by their values by the pre-processor. The data dependence grapli 
is the following: 



for (i = 0; i < 269; { 
S: y[i] = 0; 

for (j = 0/ j < 8; 
S' : y[i] +— c[j] * x[i+7-j].; 
} 

We have the following table: 
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Parameter 


Value 


Vector leneth 


2S9 


Reused data set size 




I/OIRAMs 


3> 


ALU 




BREG 


O 


FREG- 


O 


Data flow graph width 


L 


Data flow graph height 




Configuration cycles 


2+8=10 



5.2.2 First Solution 

In the case we want to save memory, the straightforward solution is to Tinroll the inner loop and to* use 
shift register synthesis to delay the values of array* in the pipeline. N~o other optimization is applied 
before as either they do not have an effect on the loop or they increase the need for IRAMs. After Loop 
unrolling, we obtain the following. code: 



(i - 


0; 


d_ < 


269; i++) 


y[i] 


= C 








y[i] 


+= 


<=[0] 


•k 


x[i+7] 


y[i] 




o[l] 


•k 


x[i+6] 


y[i] 


+= 


o[2] 


•k 


x[i+5] 


y[i] 


+= 


c[3] 


* 


x[i+4] 


y[±3 


+= 


o[4] 




x[i+3] 


y[i] 


+= 


o[5] 


* 


x[i+2] 


y[i) 


+= 


c[6] 


* 


x[i + l] 


y[i] 


+= 


c[7] 


* 


x[i] ; 



} 



Then the table looks like this: 



Parameter 


Value 


Vector length 


2S9 


Reused data set size 




I/O IRAMs 


9> 


ALU 


145 


BREG 


O 


FREG 


O 


Data flow graph width 




Data flow graph height 




Configuration cycles 


9+26Q=278 
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Dataflow analysis reveals that y[0]=S(x[OJ t ...,xj[7]). y[ltt(x[lh ^>x[8]) t ... t yPM(xph t . ,. t x[i+7]l 
Successive values of y depend on almost the same successive values of x. To prevent unnecessary 
accesses to the IRAMs, the values of x needed for the computation of the next values ofy are kept in 
registers. In our case this shift register synthesis needs 7 registers. This will be achieved on the PACT 
XPP, by keeping them*"into~FREGs7Trlen we obtain the dataflow graph depicted below. An IRAM is 
used for the input values and an IRAM for the output values. The first 8 cycles are used to fill the 
pipeline and then the throughput is of one output value/cycle. We caui depict the code as the following: 



rO — x 
rl ^ x 
r2 = x 
r3 = x 
r4 = x 
r5 = x 
r6 « x 
rl - x 
for. (i 

y[i] 

rO = 
rl = 
r2 = 
r3 = 
r*4 = 
r5 = 
r6 = 
r7 = 
} 



[0] 
[13 
[2] 
[3] 
[4] 
[5] 
[6] 
PI 

= 0; 

= c7 

rl; 

r2; 

r3; 

r4; 

r5; 

r6; 

r7; 

x[i+ 



i < 269; i++) { 

*r0 + c6*rl + c5*r2 + c4*r3 + c3*r4 + c2*r5 + cl*r6 + cO*r7; 



"73; 



IRAMO 



n 



x[l+7] 




x[}+6] 















cs J 


xf>M] 




The final table is shown below, and the expected speedup with respect to a standard superscalar proc- 
essor with 2 instructions issued per cycle is 13.6. 
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Parameter 


Value 


Vector length 


269 


Reused data set size 


- 


I/O IRAMs 


2 


ALU 


16 


BREG 


0 


FREG 


7 


Data flow graph width 


3. 


Data flow graph height 


9 


Configuration cycles 


8+269=277 




Ops 


Number 


LD/ST (2 cycles) 


2 


ADDRCOMP (1 cycle) 


0 


ADD/SUB (1 cycle) 


^ 8 


MUL (2 cycles) 


.8 


SHIFT (1 cycle) 


0 


Cycles per iteration 


28 


Cycles needed for the loop (2-way) 


(28*269)/2=3766 



Variant with Larger Loop Bounds 

Let us take larger loop bounds and set the values of i\f and Mto 1024 and 64. 

for (i « 0; i < 961; { 
y[±] = Q; 

four (j - 0; j < 64; j + + ) 

+- c[j] * xti+6 3-U; 

) 

Following the loop optimizations driver given before, we apply loop tiling to reduce the? iteration range 
of the inner loop. We obtain the following loop nest: 

for (i » 0; i < 961; i++) { 
yC-L] - 0; 

fox: (jj - 0; jj < 8; j 
for (j - 0;j < 8;j.-MO 

y[i] += c[8*jj + j3 * x[i+63-8*j j-j]; 

} 

A subsequent application of loop unrolling on the inner loop yields: 

for [i = 0; i < 961; i 
y[i-] = 0; 

for (jj - 0; jj < 8; jj++) { 

y[i] +- c[8*jj] * x[i+63-8*jj] ; 
y[I3 += c[8*jj+l] * x[i+62-8*jj] ; 
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} 



y[i] 
y[i] 
yd] 
y[±3 
y[i] 
y[i] 



+= 



c[8*jj- 
c[8*jj- 
c[8*jj- 
c[8*jj- 
c[8*jj- 
c[8+jj- 



-2] 
-3] 
-4] 
-5] 
-6] 
-7] 



x[i+61-8*jj] ; 
x[i+60-8*jj] ; 
x[i+59-8*jj] ; 
x[i+58-8*jj] ; 
x[i+57-8*jj] ; 
x[i+56-8*jj] ; 



Finally we obtain the same dataflow graph as above, except that the coefficients must be read from 
another IRAM rather than being directly handled like constants by the multiplications. After shift reg- 
ister synthesis the code is the following: 



for (i = 0; i < 
rO = x[i+56] 
r-1 = x[i+57] 
r2 = x[i+58] 
r3 * x[i+59] 
ar4 = x[i+60] 
xr5 = x[i+61] 
xr6 - x[i+62] 
ar7 - x[i+63] ; 
for (jj 

y[i] 



961/ { 



- 0; jj < 8; 

c[8*jj]*r0 + c[8*jj + l]*rl + c [8*j j +2 ] *r2 + c[8*j j+3] *r3 + 



rO 
rl 
r2 
r3 
r4 
r5 
r6 
r7 



c[8 
rl; 
r2; 
r3; 
r4; 
r5; 
r6; 
r7; 

x[i+63-8*jj j 



jj+4]*:r4 + c[8*jj+5]*r5 + c [S * j j + 6] *r6 + c[8* j j +7]>r7; 



The table is the same than before except for the vector length and the expected speedup with respect to 
a standard superscalar processor with 2 instructions issued per cycle is 17.5. 



Parameter 


Value 


Vector length 


8 


-Reused data set-size 




I/O IRAMs 


2 


ALU 


16 


BREG 


0 


FREG 


7 


Data flow graph width 


3 


Data flow graph height 


9 


Configuration cycles 


8+8=16 
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Ops 


Number 


LD/ST (2 cycles) 


10 


ADDRCOMPO cycle) 


0 


ADD/SUB (1 cycle) 


16 


MUL (2 cycles) 


17 


SHIFT (1 cycle) 


0 


Cycles per iteration 


70 


Cycles needed for the loop (2- way) 


(70*8)/2=280 



5.2.3 A More Parallel Solution 

The solution we presented does not expose a lot of parallelism in the loop. We can try to explicitly 
parallelS^ "loop before we generate the dataflow graph. Of course exposure more parallehsm 
means more pressure on the memory hierarchy. 

In the data dependence graph presented at the beginning, the only loop-carried dependence is the de- 
pendence on S> and it is only caused by the reference to yfij: Hence we apply nod^ sphttmg to get a 
more suitable data dependence graph. We obtain then: 

for (i - 0; i < 249; ±++) { 
y[i] - 0; 

for (j = 0; j < 8 ; j++) 

tmp = c[j] * x[i+7-j] ; 
y[i] += tmp; 

} 

ken scalar expansion is-performed-on tmp to remove fhe anti loop-carried dependence caused by it, 
and we have the following code: 

for (i = 0; i < 249; ±++) { 
y[i] - 0; 

for (j = .0; j < 8 ; j++) 

{ tmp[j] - c[j] * x[i+7-j]; 
y[i] += tmpC j ] ; 

} 

> 



The parameter table is the following: 
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Parameter 


value 


Vector length 




Reused data set size 




l/U IKAMS 


3 


ALU 


2 


BREG- 


0 


FREG 


1 


Data flow graph width 


2 


Data flow graph height 


2 


Configuration cycles 


2+8=10 



Then we apply loop distributioirtoigera vectorizable and a not vectorizable loop. 

for (i - 0; i < 249; i++) { 
y[i] = 0; 

for (j = 0; j < 8; 
. tmpCj] = c[j] * x[i+7-j]; 
for (j - 0; j '< 8; j++) 
y[i] += tmpC j] ; 

} 

} 

The parameter table given below corresponds to the two inner loops in order to T>e compared with the 
preceding table. 



Parameter 


Value 


Vector length 


249 


Reused data set size 




1/OIRAMs 


5 


ALU 


2 


BREG 


0 


FREG 


1 


Data flow graph, width 


1 


Data flow graph, height 


3 


Configuration cycles 


1*8+1*8=16 



Then we must take into account the architecture. The first loop is fully parallel; this means that we 
would need 2*8=16 input values at a time. This is all right, as it corresponds to the number of IRAMS 
of the PACT XPP. Hence we do not need to strip-mine the first inner loop. Tlie case of the second 
loop is trivial, it does not need to be strip-mined either. The second loop is a reduction, it computes the 
sum of a vector. This is easily found by the reduction recognition optimization and we obtain the fol- 
lowing code. 
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for (i - 0; i < 249; i++) { 

y[ij - o; 

for (j - 0; j < 8; j++) 

tmp[j] - c[j] * x[i+7-j]; 

/* load the partial sums from memory using a shorter vector length */ 
for (j - 0; j < 4; j++) 

auxtjl - tmp[2*j] + tmp[2*j+l] ; 

/* accumulate the short vector */ r 
for (j = 0;j < 1; j++)- 

aux[2*j]. = aux.[2*j] + aux[2* j +1] ; 

/* sequence of scalar instructions to add up the partial sums */ 
y[i] - aux[0] + aux[2]; 



Like above we give only one table for all innermost loops and the last instruction computing yfij. 



Parameter 


Value 


Vector length 


249 


Reused data set size 




I/OIRAMs 


12 


ALU 


4 


BREG 


0 


FREG 


0 


Data flow graph width 


1- 


Data flow graph height 


4 


Configuration cycles 


1*8+1*4+1*1=13 



Finally loop unrolling is applied on the inner loops, the number of operations is always less than tbie 
number of processing elements of the PACT XPP . 

for (i = 0; i < 961; i++) 
{ 



tmpCO] 




c[0] * 


x[i+7]; 


tmp[l] 




c[l] * 


x[i+6] ; 


tmp[2] 




c[2] * 


x[i+5]; 


tmp[3] 




c[3] * 


.x[i+4]; 


tmp [ 4 ] 




c[4] * 


x[i+33; 


tmp[5] 




c[5] * 


x[i+2];. 


tmp [6] 




c[6] * 


x[i+lj; 


tmp [7] 




c[7] * 


x[i]; 


aux[0] 




tmp [0] 


+ tmp[l]; 


aux[l] 


= 


trap [2] 


+ tmp [3}; 


aux[2] 




tmp [4] 


+ tmp [5]; 


aux [3] 




tmp [6] 


+ tmp[7]; 


aux[0] 




aux [0] 


+ aux [1] ; 


aux[2] 




aux [2] 


+ aux [3] ; 


y[i] - 


aux [ 0 ] + 


aux [2] ; 



} 
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We obtain then the following dataflow graph representing the inner loop. 







x[i*6] 




XP+5J 




x[i-M] 




x[i+3] 




xp+2] 




x[i-t-1] 




X[j] 




It could be mapped on the PACT XPP with each layer executed in parallel, thus needing 4- cy- 
cles/iteration and 1 5 ALU-PAEs, 8 of which needed in parallel. As the graph is already synchronized, 
the throughput reaches one iteration/cycle, after 4 cycles to fill the pipeline. The coefficients are taken 
as constant inputs by the ALUs performing -the multiplications. 

/ • 

The drawback of this solution is that it uses 16 IRAMs, and that the input data must be stored in a 
special order. The number of needed IRAIVls can be reduced if the coefficients are handled like con- 
stant for each ALU. But due to data locality of the program, we can assume that the data already reside 
in the cache. And as the transfer of data from the cache to the IRAMs can be achieved efficiently., the 
configuration can be executed on the PACT XPP without waiting for the data to be ready nx the 
IRAMs. The parameter table is then the following: 



Parameter 


Value 


Vector length 


249 


Reused data set size 




I/O IRAMs 


16 


ALU 


15 


BREG 


0 


FREG 


0 


Data flow graph width . 




Data flow graph height 


4 


Configuration cycles 


4+961 . 



Variant with Larger Bounds 

To make the things a bit more interesting, we set the values of N and M to> 1024 and 64. 

for (i = 0; i < 961; { 
y[i] = 0; 

for (j = 0 ; j < 64; 

y[i] c[j] * x[i+63-jJ; 

} 

The data dependence graph is the same as above. We apply then node splitting to get a more conven- 
ient data dependence graph. 
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for (i = 0/ i. < 961; i++) { 
y[i] - 0/ 

for (j « 0; j < 64; 
{ 

tmp — c[j] * x[i+63-j); 
y[i] += tmp; 

} 

} 



After scalar expansion: 

for (i - 0; i_ <: 961; i++) { 
y[i] = 0; 
. for (j ^ 0; j < 64; j++) 
{ 

tmpC j ] = c[j] * x[i+63-j ] ; 
. y[i] +« tmp[j] ; 
} 

} 

After loop distribution: 

for (i = 0; i- < 961; i++) { 
y[i] = 0; 

for (j = 0; j < 64; 

tmpCj] - c[j] ' * x[i+63-j] ; 
for (j - 0; j < 64; 
y[i] •+- tmpCj]; 

} 

} 

We go through the compiling process, and we arrive to the set of optimizations that depends upon 
architectural parameters. We want to split the iteration space, as too many operations would have? to be 
performed in parallel, if we keep it as such. Hence we perform strip-mining on the 2 loops. We can 
only access 1 6 data at a time, so, because of the first loop, the factor will be 64 * 2 / 1 6 = 8 for "the 2 
loops (as we always have in mind that we want to execute both at the same time on the PACT XF*P). 

for (i = 0; i_ < 961; i++) { 

y[il - o>- 

for (jj = 0; jj < 8; jj++.) 

for (j=0;j < 8; + ) 

tmp"['8*jj+j] - c[8*jj+j] * x[i+63-8*jj-j]; 

for {jj = 0; jj < 8 ; jj++) 

for (j=0;j < 8; j++) 

Vd] += tmp-[8*j j+j] ; 



And then loop fusion on the jj loops is performed. 

for (i - 0; i_ < 961; i++) { 
y[ij = 0^ 

for (jj = 0; jj < 8; { 
for (j=0;j < 8;j++) 

tmp[.8*jj+j] = c[8*jj+j] * x[i+63-8*jj-j); 
for (j=0;j < 8;j++) 

y[i] += tmp[8*j j+j]; 

} 



Now we apply reduction recognition on the second innermost loop. 
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for (i ~ 0; ± < 961; i++) { 
tmp . = 0; 

for (jj — 0; jj < 8; jj++) 
{ 

for (j = 0; j < 8; j++) 

tmp [8*jj+j] = c[8*jj-+-j] * x[i+63-8*j j-j] ; 

/* loaci the partial sums from memory using a shorter vector lencj-th */ 
for (j = 0; j < 4; 

aux[j] = tmp[8*jj+2* j] + tmp [8* j j+2* j+1 ] ; 

/* accumulate the short . vector */ 
for. (j - 0;j < 1; 

au:x[2*j] = aux[2*j] aux[2*j + l]; 



/* sequence of scalar instructions to add up the partial sums */" 
y[i] = aux[0] + aux[2] / 



} 

And then loop unrolling. 

for (i =0; ± < 961; i++) 



for 
{ 



(jj - 0; jj < 8; 



tmp [ 
tmp [ 
tmp [ 
tmp [. 
tmpC 
tmp[ 
tmp[ 
tmp[ 



8*jj] - 
8*jj+l] 
8*jj+2j 
8*jj+33 
8*jj+4] 
8*j j+5J 
8*j j+6] 
8*jj+7] 



c[8*jj] 

= c[8*jj + 13 

- cC8*jj+21 
= c[8*jj + 3] 
= c[8*jj + 4 ] 

- c[8*jj + 5D 
= c[8*jj + 6] 
= cr8*jj + 73 



x[i+63-8*jj] ; 

* x[i+62-8*j j] 

* x[i+61-8*jj] 

* x[i+59-8*jj] 

* x[i+58-8*jj] 

* x[i+57-8*jj] 

* x[i+56-8*j j] 

* x[i+55-8*jj] 



aux[ 0] = tmp[8*jj] + trnp [8* j j + l] ; 

aux[l] - tmp[8*jj+2] + tmp [8* j j+3] ; 

aux[2] - txnp[8*jj+4] +■ tmp [8* j j+5] ; 

auxC 3] - tmp[8*j j+6] + -tmp [8* j j+7] ; 

aux[0] = aux[0] + aux[l]; 
aux[2] = aux[2] + aux[3]; 

yfi] - aux[0] + aux[2] ; 

) 

We implement the innermost loop on the PACT XPP directly with a counter. The IRAMs are used in 
FIFO mode, and filled according to the addresses of the arrays in ttie loop. IRAM0, IRAM2, IRAM4, 
IRAM6 and IRAM8 contain array c. (RAMI, IRAM3, IRAM5 and IRAM7 contain array x Array c 
contains 64 elements, that is each IRAIVI contains 8 elements. Array x contains 1024 elements, that is 
128 elements Jfc>r_each IRAM. Array y is directly written to memory, as it is a global array armd its ad- 
dress is constant. This constant is used to initialize the address counter of the configuration. The final 
parameter table is the following: 
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Parameter 


Value 


Vector length 


8 


Reused data set size 




I/OIRAMs 


16 


ALU 


15 


BREG 


0 


FREG 


0 


Data flow graph width 


8 


Data flow graph height 


4 


Configuration cycles 


4+8=12 



Nevertheless it should be noted that this version should be less ejfficient than the previous one. As the 
same data must be loaded in the different IRAMs from the cache, we have a lot of transfers to achieve 
before the configuration can begin the computations. This overhead must be taken into account by the 
compiler when choosing the code generation strategy. This means also that the first solution is the 
solution that will be chosen by the compiler. 

5.2.4 Other Variant 

Source Code 

for (i = 0; i < N-M+l; i++) { 
tmp = 0 ; 

for (j = 0; j < M; 

tmp.+= c[j].* x[i+M.-j-l ] ; 
x [ i ] . = tmp ; 

} 

In this case, it is trivial that the data dependence graph is cyclic d-ire to dependences ontmp r . Therefore 
scalar expansion is applied on the loop, and we obtain in fact the same code as the first veirsion of the 
FIR filter as shown below. 

for (i = 0; i < N-M+l; i-H-) { 
tmpti] - 0; 
for (j = 0; j < M; 

tmp[i] += c[j] * x[i+M-j-l] ; 
x[i] = tmp[i] ; 

} 
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5.3 Matrix Multiplication 

5.3.1 Original Code 

Source code: 

#define. L 10 
#define M 15 
#define N 20 

int A 'EL] [M] ; 
int B[M] [NJ ; 
int R[L] [N] ; 

main ( ) { 

int i, j, k, tmp, aux; 

/* input A <L*M values) *'/ 
for(i=0; i<L; i++) 

for(j-0; j<M; j++) 

scanf ("%d", &A[±] [j] ) ; 

/+ input B (M*N values) */ 
for (.1=0; i<M; i++) 

for(j«0; j<N; j++) . 

scanf ("%d", &B[i] [j] ).; 

/* multiply */ 
for(i-0; i<L;i++) 

. for(j=0; j<N; j++) { 
aux — 0;- 

for (k=0; k<M; Jc++) . 

aux += A[ i] [k] * B[k] [j]; 
R[i] [ j] = aux; 

' } 

/* write data stream */. 
for(i=0; i<L; 

for(j=0; j<N; j+t) 

printf ("%d\n", R[i]- [j] ) ; 

} 

5.3.2 Preliminary Transformations 

Since no inline-able function calls are present, no interprocedimxal code movement is done. 

Of the four loop nests the one with the "/* multiply */" coinment is the only candidate for running 
partly on the XPP. All others have function calls in the loop body and are therefore discar-ded as can- 
didates very early in the compiler. 

Dependency Analysis 

for(i=0; i<L;i++) 

for(j-0; j<N; { 
SI aux = 0; 

for(k=0; k<cM; k++) 
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S2 
S3 



aux += A[i] [k] * B[kr] [j] ; 
R[i] tj 1 = aux; 




Figure 60 Data dependency graph fior matrix multiplication 

The data dependency graph snows no dependencies that prevent pipeline vectorizatioxi. The loop car- 
ried, true dependence from S2 to itself can be handled by a feedback of aux as described in [1]. 

Reverse Loop-Invariant Code Motion 

To get a perfect loop nest we move SI and S3 inside the k-loop. Therefore appropriates guards are gen- 
erated to protect the assignments. The code after this transformation looks like 

fo2T(±=*0; i<L;i++) 

for(j=0; j<N; j+-h) 

for(k=0; k<M; k++) { 

if (Jc == 0) aux = 0; 

aux +- A[i] [k] * B[kJ 

if (1c == M-l) R[i][j] = aux; 

} 

Scalar Expansion 

Our goal is to interchange the loop nests to improve the? array accesses to utilize the cache best. Un- 
fortunately the guarded statements involving aux cause backward loop carried anti- dependences car- 
ried by the j loop. Scalar expansion will break these dependences, allowing loop interchange. 

for:(i-0; i<L;i++) 

for(j-0; j<N; 

for(k=0; k<M;.' k++) { 

if (ic = 0) aux[j] = 0; 

aux[j ] += A[i] [k] * B[k] Cj] ; 

if ( k m-1| R[i][j] = aux[j]; 

} 

Loop Interchange for Cache Reuse 

Visualizing the main loop shows the iteration spaces for the array accesses (Figure61). Since C arrays 
are placed in row major order the cache lines are placed i*i the array rows. At first sight there seems no 
need for optimization because the algorithm requires at least one array access to stride* over a column. 
Nevertheless this assumption misses the fact that the access rate is of interest, too. Closer examination 
shows that array R is accessed in every j iteration, while? B is accessed every k-iteration, always pro- 
ducing a cache miss 2 . This leaves a possibility for loop interchange to improve cache access as pro- 
posed by Kennedy and Allen in [7]. 



2 We neglect "aux" in this observation since we do not expect it to be written to or read from memory (no defe or 
uses outside the loop nest) 
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Figure 67 The visualized array access sequences. 

Finding the best loop nest is relatively simple. The? algorithm simply interchanges each loop of the 
nests into the innermost position and annotates it with the so-called innermost nxemory cost term. This 
cost term is a constant for known loop bounds or a function of the loop bouxid for unknown loop 
bounds. The term is calculated in three steps. 

■ First the cost of each reference 3 in the innermost loop body is calculated to 

■ 1, if the reference does not depend on the loop induction variable of th.e (current) innermost 
loop 

■ the loop count, if the reference depends on trie loop induction variable and strides over a non- 
contiguous area in respect of the cache layout 

• . N ' s } if the reference depends on the loop induction variable and strides over a contiguous 

dimension. In this case N is the loop count, s is the step size and b is toe cache line size, re- 
spectively. 

■ Second each reference cost is weighted with a factor for each other loop, which is 

■ 1 , if the reference . does not depend on the loop index 

■ the loop count, if the reference depends on the loop index. 

■ Third the overall loop nest cost is calculated by summing the costs of all reference costs. 

After invoking this algorithm for each loop as the innermost, the one with the lowest cost is chosen as 
the innermost, the next as the next outermost, and so on. 



3 Reference means access to an array in this case. Since the? transformation wants to optinxize cache access, it 
must address references to the same array within small distances as one. This prohibits over-estimation of the 
actual costs. 
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Innermost loop 




A[i][k] 


BMffl 


Memory access cost 


k 






M-N 


L-W + — -L+M-N 
b 


i 


VL-N 


IL-M 


1-M-N 


L-W + L-M + M-N 


J 




L-M 


—M 
b 


—{l+m)+l-m 

b 



Table I Loop memory access costs for the different loops being inner- 
most 



The table shows the ^values for the matrix multiplication. Since the j term is the smallest (of course* 
assuming b > 1 ), the j-loop is chosen to be the innermost The next outer loop then is k, and the out- 
ermost is i. Thus the resulting code after loop interchange is 

for(i=0; i<L;i++) 

for(k=0; k<M; k++) . 

for(j-0; j<N; { 

if (k == 0) auxEj] = 0; 
aux[j] +- A[i] [k] * B[k] [j] ; 
if (k — M-l)R[i] [j ] = aux[j]; 




Figure 62 The visualized array access sequences after optimization. Here the improvement is visible to the 
naked eye, since array B is now read following the cache tines. 



Figure 62 shows the improved iteration spaces. It is to say that this optimization does not optimize 
primarily for the XPIVbut-mainiy-optimizes the cache-hit rate, thus improving the overall perform.- 
ance. 
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Unroll and Jam 

After improving the cache access behavior, the possibility for reduction recognition has been de- 
void This is a typical example for transformations where one excludes the other. Nevertheless ^e 
oS more paraLlelism by doing unroll-and-jam. Therefore we unroll th« outer loop partially with«he 
unroll factor. This factor is mainly chosen by the minimum of two calculations. 

■ # available IRAMs / # used IRAMs in the inner loop body 

■ # available ALU resources / # used ALU resources in the inner loop 

In this example trie accesses to "A" and "B" depend on k (the loop whicb will be unrolled). Therefore 
Sey mu^^nsidered in the calculation. The accesses to «aux» and «R» do not ^depend on k. Tta. 
they can be subtracted from the available IRAMs, but don not need to be added to the denomuuitor. 
Therefore we calculate (assuming an XPP64) 14/2 = 7 for the unroll factor obtained by the IRA3M 
resources. 

On the other hand the loop body involves two ALU operations (1 add, 3 mult), which yields an uai- 
2u£ Sr oTapproximately 64/2 = 3*. The constraint generated by the IRAMs therefore dom_i- 
nates by far. 

Having chosen the unroll factor we must trim our loop trip count to be a multiple of that factor. Since 
the k loop has a loop count of 15, we peel off the first iteration and unroll -the remaining loop. 

for(i=0; i<L;i-++) { 

for(k=0,- k<l; k++) { 

for(j=0; j<N; { 

if (k==0) aux[j] = 0; 
aux[j] += A[i] [kj * B[k] [j] ; 
if (k==M-l) Rliltj] - aux[j]f 

} 

} 

for(k=l; k<M; k+=7) { 

fox(j-0; j<N; j++) ( 

if (k==0) aux[j] ^= 0; 
aux[j] += A[i].[k] * B[k] [j]; 
if (k— M-l) R[i] [j 1 = auxCj]; 

} 

fo3T(j=0; j<N; { 

if (k+l-=0) aux[j ] = 0; 
-aux^[j-]-+--Al-i} [k+1-3 * B[k+l][j]; 
if (k+l==M-l) R[i] [j] = aux[jj; 

} 

for{j==0; j<N; j++) { 

if (k+2=-0) aux[j] == 0; 

aux[j] +=A[i][k+2] *B[k+2][j]; 

if (k+2==M-l) R[i] [j] - aux[j]; 

} 

fo2T(j-0; j<N; j++) { 

if (k+3==0)' aux[j] - 0; 

aux[j] += A[i] [k+3] * B[k+3jrj]; 

if (k+3==M-l) R[i] [jl - auxlj]; 

f O 2T(j-0; j<N; { 

if (k+4==0) aux[j] = 0; 

aux[j] +« A[i] [k+4 ] * B[k+4] [j]; 

if (k+4==M-l) R[i] [jl = auxlj];- 

4 This is a very inaccurate estimation, since it neither estimates the resources s£ntl>y t^ 
whkh deSsTe unroll factor, nor takes it into account that e.g the BREG-PAEs also have «^^* 
mcrease^e unroll factor. Although it has no influence to this example the unroll rector calculation of course 
has to account for this in a production compiler. 
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} 

for(j=0; j<N; j++) { 

if (k+5==0) aux[j] - 0; 

aux[j] += A[i] [k+5] *B[k+5][j]; 

if (k+5==M-l) R[i][j] = aux[j]; 

} 

for(j=0; j<N; { 

if (k+6==0) aux[j] = 0; 

aux[j] += A[i] [k+6] *B[k+6][j]; 

if (k+6==M-l) R[i][j] = aux[j]; 

} 

} 

} 

Due to the fact that the reverse loop invariant code motion placed the loop invariant code into the inner 
loop which is now duplicated seven times, it is very likely that dead code elimination can get rid of 
some of these duplicates. Thus the code is shortened to 

for(i«0; i<L;i++) { 

for(k:=0; k<l; k++) { 

for(j-0; j<N; ' { 

if (k==0) auxCj] " 0; 
aux[j] +- A[i] [k] * B[k] [j]; 

} 

} 

for()c==l; k<M;_k+=7)- { 

for(j=0; j<N; j++) { 

aux[j], +- A[i] [k] * B[k] [j]; 

} 

for(j=0; j<N; j++J { 

aux[j] +<= A[iJ [k+1] * B[k+l][j]; 

} 

for(j=0; j<N; j++> I 

aux[j] += A[i] [k+2] * B[k+2][j]; 

} 

for(j=0; j<N; { 

aux[j] +« A[i] [k+3J *B[k+3][j]; 

} 

for(j«0; j<N; j++) { 

aux[j] +- A[i] [k+4] * B[k+4][j3; 

} 

for(j-0; j<N; j++) { 

aux[j] += A[i] [k+5] * B[k+5][jJ; 

> 

for(j=0; j<N; { 

aux[j] += A[i] [k+6] * B[k+6][j]/ 
if (k+6-«M-l) R[i][j] = auxEj}; 

} 

) 

} 

Before we jam the inner loops we have to account for the fact that tfcae first iteration of the k loop was 
peeled of whicJh would produce an own configuration. Since we calcimlated the unroll-and-jam factor to 
fit into one configuration, this side effect has to be prevented. Because it should be no problem to run 
the k loop with variable step sizes, we fuse the k loops again and adjust the step size and guard the 
statements. This yields 

for(i=0; i<IL;i++) { 

for(k=0; k<M,\ k+= k<l ? 1 : 7) { 

for(j-0; j<N; { ■ ■ 

if (k==0) aux[j] = 0/ 

if (k— 0) aux[j] +- A[i] [k] * B[k3 [j]; 

} 

for(j=0; j<N; { 
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if (k>0) aux[j] +- A[i] [k] * B[k][j]; 

} 

for(j=0; j<N; + ) { y or , i11f .,. 

if (k>0) auxtJ] +- A[i][k+1] * B[k+1][D]; 

} 

for(j=0; j<N; + ) { or , ±oir .. 

if (k>0) stux[j] +- A[i] [k+2 3 *B[k+2][3J; 

'° r(j= ^ ?2o, j ^[j] + - A[i][Wl * BUC+3H31; 
} 

for(j=0; j<N; + ) { nr , AAir , 1 . 

if (k>0) aux[j] +- A[i] [k+4] -*B[k+4][3J; 

'° r(j 1^S) j ^xm <-A[I][»5] *B[ld.5H 3 ], 
} 

for( D =0; -j^N; ^ "'aux [ j ] +- A[±] [k+6] *.B[k+6][j]; 
if (k+6-=M-l) R[i][j] - auxCj]; 

Y 

} 

} 

Now we can jam the inner loops and finally obtain 

fbr(i=0; .i<L;i++) { 

for(k-0? k<M; k+= k<l ? 1 : 7) { 
for(j=0; j<N; { 

if <k==0) aux[j] =0; 

if <k— 0) aux[j] +-A[iJ[k] B[k][j]; 
if (k>0) t 

auxL j] += A[i] [k] * B[K] [jl; 

auxCj] +- A[i] Ck+l] * B[k+l][j]; 

auxCjl += A[i][k+2] * B.[k+2][j]; 

auxCj) +« A[i][k+3] * B[k+3][j]; 

auxCjl += A[i] [k+4] * B[k+4][j]; 

auxCjl +-A[±][k+5] * B[k+5J[j3; 

auxCjl += A[i] [k+6] * B[k+6][jl; 

if (k+6==M-l) R[i] [jl auxtj] ; 

} 

} - 



5.3.3 XPP Code Generation 

The innermost loop can be synthesized in a configuration, ^hich uses 14 IRAMs for the input data, 
S^^JS store"! arvd one IRAM for the output array R. Furthermore rt is necessary to 
pass lvalue of k to7he XPP to direct the dataflow. This nxay be done by a streaming input Figure 
63 shows the dataflow graph of the synthesized configuration. 



WO 2004/015568 



91 

Case Studies 



PCT7EP2003/008080 




Figure 63 Dataflow graph of matrix multiplication after unroll and jam. The rightmost 3 branches are omitted 
Event connections are emphasized in red color. 



The following code shows the pseudo code executed on the RISC processor. 
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XPPPreload (con fig) 
for(i=0; i<L;i++) { 
XPPPreload{0, 
XPPPreload{l, 
XPPPreload (2, 
XPPPreload(3, 
XPPPreload (4, 
XPPPreload(5, 
XPPPreload (6, 



&A[i] [0], M) 
&A[i] [0] , M) 
&A[i] [0] , M) 
&A[i] [0], M) 
&A[i][0], M) 
&A[i] [0] , M) 
&A[i] [0],. M) 
XPPPreloadCleain(15, &R[i][0], M) 
for(k=0; k<M; k+= k<l ? 1 : 7) { 
XPPPreload (7, &B[k)[0], N) 
XPPPreload ( 8 , &B [k+l] [0] , N) 
XPPPreload(9, &B[k+2][0], N) 
XPPPrQload(10, &B[k+3][0], N) 
XPPPreload (11, &B [k+4 ] [0] , N) 
XPPPreload (12, &B [k+5] [0j , N) 
XPPPreload (13, &B [k+6] [0] , N) 

XPPExecute(config, 'IRAM(O), TI^AM(l), IRAM(2), IRAM(3), 
IRAM(4), IRAM(5), IRAM(6), IRAJXI(7), 
IRAM(8), IRAM(9) f IRAM(10), IRAM(ll), 
IRAM(12), ItRAM(13), IRAM ( 15) , Ic ) 

} 



The table shows the simulated configuration. The complete multiplication needs about 3120 cycles 
without the preloading and configuration. A typical RJSC-DSP core with two MAC units and hard- 
ware loop support needs over 26000 cycles (when data: is in zero-latency internal memory). Although 
the time for preloads and cache misses is neglected here, the values promise improvements of 200-300 
percent compared to a standalone RISC core. 



Parameter 


Value 


Vector length 


20 


Reused data set size 


20 


I/OIRAMs 


141+ 1 O + 1 internal 


ALU 


20 


BREG 


26 (8 defined + 1 8 route} 


FREG 


28(4 defined + 24 route} 


Data flow graph width 


14 


Data flow graph height 


6 (without routing and balancing) 


Configuration cycles (simulated) 


configuration 


2633 




preloads 


10*3*7*5 1050 






10*7*15 1050 




cycles 


(k=0) 1 12 + 






(k=l)l0O + 






(k=7)10O 






* 10= 3120 




sunx 


7853 
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5.4 Viterbi Encoder 



5.4.1 Original Code 

Source Code: 

/* C-language butterfly */ 
#define BFLY ( i) {\ 

unsigned char* metric, mO, ml, decision; \ 

metric = ( (Branchtab29_l [ij A syml) + 

(Branchtab29_2[i] ^ sym2) + l)/2;\ 
mO ™ vp->old_rae tries [i] + metaric; \ 
ml = vp->old_metrics [i+128] + (15 - metric) ;\ 
decision = (mO-ml) >= 0;\ 

vp->new_metrics [2*i] = decision ? ml : m0;\ 
vp->dp->w [i/16] !=. decision « ( (2*i) &31) ; \ 
mO -= (metric+metric-15) ;\ 
ml (metric+metric-15) ;\ 
decision = (mO-ml) >= 0;\ 

vp->new__rnetrics [2*i+i] . = decision ? ml : m0;\ 
vp->dp->w[i/16j |= decision «: ( (2*i+l) &31) ; \ 

} 

int .update_v;L±er.bi2-9 (void *p,unsigned char syml, unsigned char syra2) { 
int i; 

struct v29 *vp = p; 
unsigned char *tmp; 
int normalize = 0; 

for (i=»0;i<8 ;i++) 
vp->dp-> w [ i ]; = 0 ; 

f or (i=0;i<l 28 ; i++) 
BFLY (i) ; 

/* Renormalize metrics */ . 
if (vp->new__metrics [0] > 150) { 
int i; 

unsigned char minmetric = 255 ; 

for (i=0;d_<64;i+-t-) 

:if (vp~>new_jne tries [i] < minmetric) 

minmetrric = vp->new__metrics [i]*; 
for (i=0;i.<64;i-M-j 

vp->new__metrics [i] -= minme-fcric; 
normalize - minmetric; 

} 

vp->dp++; 

tmp = vp->olaV_metrics; 
vp->old_metrics = vp->new_metrics; 
vp->newjne tries = tmp; 



return normalize; 

} 
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5.4.2 Interprocedural Optimizations and Scalar Transformations 

Since no inline-able function calls are present, no interpirocedural code movement is done. 

After expression simplification, strength reduction, SS/V renaming, copy coalescing and idiom recog- 
nition, the code looks like (statements reordered for convenience). 
Note that idiom recognition will find the combination <yfmin() and use of the comparison result for 
decision and ^decision. However the resulting computation cannot be expressed in C 9 so we describe it 
as a comment: 

int update__viterbi29(vo±d *p, unsigned chair syml, unsigned char sym2) { 
int in- 
struct v2 9 *vp « p; 
unsigned char *tmp; 
int normalize = 0; 

char *_vpdpw_= vp->dp — >w; 
for (i~0;i<8;i++) 
*_vpdpw__++ = 0; 

char *_bt29_l= Brancrrtab29_l; 
char *_bt29_2= Brancht:ab29_Z; 
char *_vpom0- vp->olci. metrics ; 
char *_vpoml28= vp->oid__metrics+128; 
char *_vpnm= vp - > ne w_ine tries; 
char *_vpdpw= vp->dp->w; 

for (i*=0;i<128;i++) { 

unsigned char metric, _tmp, mO , ml , _m0 , ml, decision, ^decision.; 

metric = ( ( *_bt29_l -f + A syml) + 

(*_bt29_2n- + * sym2) + l)/2; 
_tmp— (metric+metri c-15) ; 
mO = *_vpom++ + metric; 
ml = *_vpom'128++ +■ (15 - metric); 
_m0 = mO - _tmp; 
_ml - ml + _tmp; 
// decision = mO >= ml; 
// _decision = __m0 >= _ml; 

*_vpnm++ = min (raO, nil ) ; // « decision ? ml : ..mO 

*_vpnm+-f = min (_m0, __ml ) ; // = _<iecision ? _ml : _ra0 

_vpdpw[i » 4] |= (■ mO >?= ml) /* decision*/ « ( (2*i) & 31) 

I (__m0 >= _ml) /*_decision*/ « ((2+i+l)&31) ; 

} 

/* Renormalize metrics */ 
if (vp->new_metrics[0] > 150) { 
int i; 

unsigned char rainmetric - 255; - 

char *_vpnm= vp->new_metrics; 
for (i=0;i<64;i+V) 

minmetric = min (minmetric, *vpnm++) p 



char *_vpnm= vp->new_metrics ; 
for (i-0;i<64;i++) 

*vpnm++ -= minmetric; 
normalize = minmetrric; 
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vp->dp++; 

tmp = vp->old__metri_ cs ; 
vp->old_metrics - vp->new__metrics ; 
vp->new_metrics = tmp; 

return normalize; 

} 



5.4.3 Initialization 

The first loop (setting vp->dp->w[0..7] to zero) is most efficiently executed on the RISC. 



5.4.4 Butterfly Loop 

The second loop (with the BFLYO macro expanded) is of interest for the XPP compiler and needs 
further examination: 

char *iram0= Brancritab2 9_l ; // XPlPPreload (0, Branchtab29__l, 128/4); 

char *iram2= Brancritab29_2 ; // XPE>Preload (2, Branchtab2 9__2 , 128/4); 

char *iram4 = vp->ol-d_metrics; // XPE>Preload(4, vp->old_metrrics, 128/4); 

char *iram5= vp->ol_d_metrics+12 8 ; // XPE> Preload (5, vp->old_metr L ics+128, 128/4) ; 

short *iram6= vp->riew.jnetrics; // XPE>Preload (6, vp->new_metrrxcs / 128/2); 

unsigned iong *iram7= vp->dp->w; // XPE > Preload(7, yp->dp->w, 8); 
// syml & sym2 are in I RAM 1 & 3 

for(i=0;i<128;i++) { 

unsigned char metric, __tmp, mO , ml , _m0 , _ml 

metric = ({*iramO-f-+ A syml) + 

(*iraml++ * sym2) + l)/2; 
_tmp= (metric « 1) -15; 
mO - *iram2++ + metric- 
mi - *lram3++ + (15- - metric); 
_m0 = mO - __tmp ; 
. _ml = ml + _tmp; 

// assuming big endian; little endian has the shift on the latter mih() 
*iram6++ = (min(mO,ml) << 8) | min (_rn0, _ml ) ; 
*iram7[i » 4] |= ( mO >= ml) « ((2*i) & 31) 
I (_m0 >= _ml) « ( (2*i+l) &31) ; 

} ~ • 

The data flow graph is as follows (for now ignoring the fact, that the IRAM accesses are mostly char 
accesses). The solid lines represent data flow* while the dashed lines represent event flow: 
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Parameter 


Value 


Vector length 


128 


Reused data set size 




I/O IRA. Ms 


61+20 


ALU 


25 


BREG 


few 


FREG 


few 


Data flow graph width 


4 


Data flcrw graph height 


11 


Configuration cycles 


11+128 



We immediately see some problems: IRAM7 is fully busy reading and rewriting the same address 
sixteen times. Loop tiling to a tile size of sixteen gives the redundant load store elimination a chances 
to read the value once and accumulate the bits in the temporary, writing trie value to the IRAM at the 
end of this inner loop. Loop Fusion with the initialization loop then ailo^vs propagation of the zero 
values set in the first loop to the reads of vp->dp->w[i] (IRAM7), eliminating the first loop altogether-. 
Loop tiling with a tile size of 16 also eliminates the<£ 31 expressions for the shift values: Since the 
new inner loop only runs from 0 to 16, the valixe range analysis now finds that the & 31 expression i& 
not limiting the value range any further. 

All remaining input IRAMs are character (8 bit) based. So we need split networks to split the 32-bi-t 
stream into four 8-bit streams which are then merged. This adds 3 shifts, 3 ands and 3 merges fomr 
every character IRAM. The merges could be eliminated, when unrolling the loop body. However^ 
unrolling is limited to unrolling twice due to ALU availability as well as_dime to the fact, that IRAM6 i:s 
already 16 bit based: unrolling once requires a. shift by 16 and an or to write 32 bits in every cycles 
unrolling further cannot increase pipeline throughput any more. So the body is only unrolled once-, 
eliminating one layer of merges. This yields two separate pipelines, that each handle two eight birt 
slices of the 32-bit value from the IRAM, serialized by merges. 

The modified code now looks like (unrolling arid splitting omitted for simplicity): 

char *iramO= Branchtab29_l ; // XPPPreload (0, Branclitab29__l, 128/4); 

char *iram2= Branchtab29_2 ; // XPPPreload (2, Brancixtab2 9_2 , 128/4);. 

char *iram4= vp->old_metrics; // XPPPreload (4, vp->o JLd_metrics, 128/4) ; 

char *iram5= vp->old_metrics+128 ; // XPPPreload (5, vp->o J.d_raetrics+12B, 128/4) ; 

short *iram6^= vp->new_metrics; // XPPPreload{ 6, vp->newjnetrics, 128/2); 

unsigned long *iram7= vp~>dp->w; // XPPPreload (7, vp->d;p->w, 8); 
// syml & sym2 are in IRAM 1 & 3 

for (_i*=0;_i<8;_i++) { 
rlse= 0; 

for (i2=0;i_2<32;i2+=2) { 

unsigned char metric, _tmp, mO , ml , __m0 , _ml ; 

metric = { (*iramO++ A syml) +- 

-(-*-i-r-aml-++— A — sym2 )" 4- 1 ) /2 ; 
_tmp= (metric « 1) -15;. 
mO = *irram2++ + metric- 
mi = *izram3-f + + (15 - metric) ; 
__m0 = mO - _tmp ; 
_ml = ml + __tmp; 

*irara6+-H = (min(mO,ml) « 8) | min (_m0, __ml) ; 
rise = rrlse ! ( mO >= ml) « i2 

I (_m0 >= _ml) « (i2+l); 

} 
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*iram7-h+ = rise; 



The modified data flow graph (unrolling and splitting omitted for simplicity): 



Btab29_1 


syml 




Btab29_2 




sym2 


iramO 


iraml 




iram2 




iram3 
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And here the splitting network for one IRAM: the bottom most level merge is omitted for each level of 
unrolling. 




Parameter 


Value 


Vector length 


128 


Reused data set size 




I/O IRAMs 


61+20 


ALU 


2*24+4*3(split)+2Goin)= 62 


BREG 


few 


FREG 


few 


Data flow graph width 


4 


Data flow graph height 


ll+3(split) 


Configuration cycles 


14+64 



5.4.5 Re-Normalization: 

The Normalization consists oF a loop scanning the input for the minimum and a second loop that sub- 
lets the minimum from all elements. There is a data -dependency between all iterations of the first 
toop and all iterations of the second loop. Therefore tfcie two loops cannot be merged or pipelined. 
They will be handled individually. v ^ 

Minimum Search 

The third loop is a minimum search on a byte array. 

char *iram0 - vp->new_metrics; // XPPPareloadfO, vp->new metrics, 64/4); 
for U=0;i<64;i++) - 

minmetric = min (minmetric, *iram0++) j 
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Parameter 


Value 


Vector length 


64 


Reused data set size 


~ 




1+1 


ALU 


1 


BRECr 


0 


FREG 


0 


Data flow graph width 


1 


Data flow graph height 


1 


Configuration cycles 


64 



Reduction recognition eliminates the dependence for minmetric enaJbling a four-times unroll to utilize 
the IRAM width of 32 bits. A split network has to be added to separate the 8 bit streams using 3 
SHIFT and 3 AND operations. Tree balancing re-distributes the mir?0 operations to minimize the tree 
height. 

char *irarn0 = vp->new_metrrics ; // XPPPreload(0, vp->new_me tries, 16) _j 
for (i=0; K16; 

minmetric = min (minmetri. c, rain ( rain {*iraiti0++ *iramO++), 

min(*iram0-l-+^ *iram0++) )); 



Parameter 


Value 


Vector length 


16 


Reused data set size 




I/O IRAMs 


II+IO 


ALU 


-4*min 


BREG 


3*sliln+3*shrn 


FREG 


0 


Data flow graph width 


4 


Data flow graph height 


5 


Configuration cycles 


5+16 



Reduction recognition again eliminates the loop carried dependence for minmetric, enabling loop til- 
ing and then unroll and jam to increase parallelism; the maximum for the tiling size is 16 IRAMs / 2 
IRAMS = 8. Constant propagation and tree rebalancing reduces trie dependence height of the final 
merging expression: 



char 
char 
char 
char 
char 
char 
char 
char 



*iraiaO= 
*irairtl= 
*irain2= 
*irairi3= 
*ira:m4 = 
*iram5= 
*iram6= 
*irart\7= 



vp->new_inetrics; // XPPPreload C 0, vp->new 

vp->new__metrics+8; // XPPPreload C 1, vp->new" 

vp->new_metr±cs+16; // XPPPreload C 2, vp->new~ 

vp->new_metr±os+24 ; // XPPPreload C 3, vp->new~ 

vp->new_metrics+32; // XPPPreload C 4, vp->new~ 

vp->new__metrics + 40; // XPPPreioad C 5, vp->new" 

vp->new_metrics+48; // XPPPreload C 6, vp->new" 

vp->new__metrics + 56; // XPPPreload C 7, vp->new" 



metrics, 2) ; 
metrics-t-8^ 2); 
metrics-hie, 2); 
metrics+2^, 2) ; 
metrics-has, 2) ; 
metrics+40, 2) ; 
metrics-MS, 2) ; 
metrics-HSS, 2); 
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mlnrtietricl 
minmet ric2 
minmetric3 
" roinmetric4 
ndnmetricS 
minmetric6 
minmetric7 



min (minmet oriel 
min (minmet xic2 
min (minmet xic3 
min (minmet r ic4 
min (minmet r ic5 
min (minmet ric 6 
min (minmet xic7 
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min ( min ( *ir amO++ , 

min(*irsm0++, 
min( min(*iraml++ / 

min(*iraml++, 
min ( min ( *ir <am2++, 

min ( *iram2++, 
min( min(*iram3+4-, 

min(*iram3++ / 
min ( min ( *iram4 ++ , 

min(*iram4++ f 
min ( min(*iram5++ / 

min(*iram5++ f 
min ( min(*iram6+f, 

min(*ir^m6++, 
min ( min(*iram7++ f 

min ( *iram7++, 



} 

minmetric ■» min ( min { (min ( minmet ric_0, minmet zri c_l ) , 

min ( minmet ric_2, minmetnric__3) ) ( 
min ( (min-( minmetric_4 , minmet =ric__5 ) , 
min ( minmetric_6 , minmetoric_7 ) ) ; 



*iram0++), 
*iram0++) ) > 
*£raml++), 
*iraml++) 
*iram2++) , 
*iram2++) 
*iram3++) , 
*iram3++) 
*iram4++) , 
*iram4++) 
*iram5++) , 
*iram5++) 
*iram6++), 
*iram6++) 
*iram7++), 
*iram7++) )> 



) > 
) > 
) > 
) > 
) > 
) > , 



Parameter 


Value 


Vector length 


2 


Reused data set size 




I/O IRAMs 


81+10 | 


ALU 


8*M*min - 32 


BREG 


8*(3*sliln+3*shm)=48 


FREG 


0 


Data flow graph width 


8*4= 32 


Data flow graph height 


5 


Configuration cycles 


8+2 



Re-Normalization 



The fourth loop subtracts the minimum, of the third loop from each element in the arrays. The read- 
modify-write operation has to be broken up into two IRAMs. Otherwise the IRAM ports will limit 
throughput. 

char ^iram0= vp->new_metr±. cs ; // XPPPreload (0, vp->new_metricz:s , 64/4) 

char *iraml= vp->new_metri_ cs; // XPPPreloadCl ean (1, vp->new_me triers , 64/4) 
for(i«=0;i<64;i++) 

*iraral++ = *iram0++ - minmetric; 
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Parameter 


Value 


Vector Length 


64 


Reused data set size 


_ 


I/OIRAMs 


21+10 


ALU 


1 


BREG 


0 


FREG 


0 


Data flow graph width 


1 


Data flow graph height 


1 


Configuration cycles 


64 



There are no loop carried dependencies. Since the data size is bytes, the inner loop ca=n be unrolled 
four times without exceeding the IRAM bandwidth requirements. Networks splitting the 32-bit stream 
into 4 8-bit streams and re-joining the individual results to a common 32-bit result strearrm are inserted. 

criar *iram0= vp->new_metrics ; // XPPPreload (0, vp->newjnetrrics, 16) 

criar *iraml= vp->new_metrics ; // XPPPreloa ciClean (1, vp->new_metrrics , 16) 
for (i=0;i<16;i++) { 

*iraml++ = *iram0++ - minmetric; 

*iraml++ - *iram0++ - minmetric; 

*iraml++ = *iramG++ - minmetric; 

*iraml++ = *iram0++ - minmetric; 



} 



Parameter 


Value 


Vector length 


16 


Reused data set size 




I/O IRAMs 


21+1° 


ALU 


4*4(sub) = 16 


BREG 


^*shln+6*shrn= 12 


FREG 


0 


Data flow graph width 


4 


Data flow graph height 


5 


Configuration cycles 


2(spLit)+4*l(sub)+2Qoin)= 8 



Unroll and jam can be applied alter loop nung, in analogy iu m« »t«v* ™ ^ >~ — - - ----- 

ited by the BREGs used by the split and join networks. The computed tiling size (unrol 3 factor) is 64 
BREGs/12 BREGs = 5, which is replaced by 4, since the same throughput is achieved vwitn less over- 



criar 
criar 
criar 
criar 
criar 
criar 
criar 
clnar 



*iram0= 
*iraml= 
*iram2= 
*iram3= 
*iram4 s 
*iram5= 
*iram6= 
*iram7= 



vp->new_ 
vp->new_ 
vp->new_ 
vp->new_ 
vp->new_ 
vp->newr_ 
vp->new_ 
vp->new_ 



metrics ; 
"metrics; 
_rnetrics+16; 
rcietrics + 16; 
_rnetrics+32; 
raetrics+32; 
~rtietrics+48; 
~rnetrics + 48; 



// XPPPreload 
// XPPPreloadClean 
// XPPPreload 
// XPPPreloadClean 
// XPPPreload 
// XPPPreloadClean 
// XPPPreload 
// XPPPreloadClean 



(0, vp->new_ 
(1, vp->new_ 
(2, vp->new_ 
(3, vp->new_ 
(4, vp->new 
(5, vp->new_ 
(6, vp->neitf, 
( 7 , vp->new f 



met rics, 4) 
met rics, 4) 
met xics+16, 4) 
met xics+16, 4) 
met xics+32,4) 
met xics+32,4) 
met xics+48,4) 
met xics+48, 4) 
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for (i=0;i<4 
*iranil++ 
*iraml++ 
*iraml++ 
*iraml++ 
*iram3++ 
*iram3++ 
*iram3++ 
*iram3++ 
*iram5++ 
*iram5++ 
*iram5++ 
*iram5++ 
*iram7++ 
*iram7++ 
*iram7++ 
*iram7++ 
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;i++) { 
5=3 Hram0++ 
- *iram0++ 
= *ira.m0++ 
= Hram0++ 
* *iram2++ 
= *ira.m2++ 
= Hram2++ 
= *irani2++ 
= *iram4++ 
= *iram4++ 
= *iram4++ 
= *iram4++ 
= *iram6++ 
= *iraiu6++ 
= *iram6++ 
= Hrani6++ 



} 



minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 
minmetric; 



// first pipeline 
/ / second pipeline 
// third pipeline 
// fourth pipeline 



Parameter 


Value 


Vector length 


4 


Reused data set size 




I/O IRAMs 


51+40 


ALU 


4*(6(split)+4(sub)^(join))- 6-4 


BREG 


4*(6*shln+6*shm)- 48 


FREG 


0 


Data flow graph width 


16 


Data flow graph height 


1 


Configuration cycles 


2(split)+4*l(sub)+2Qoin)= 8 



5.4.6 Final Code 

Finally we arrive at the following code: 

irit update_viterbi29 (void *p, unsigned char syml, unsigned char s ym2) { 
int in- 
struct v2 9 *vp = p; 
• unsigned char *tmp; 
int normalize = 0; 

// initialization loop eliminated 
// for (i=0;i<8;i++) 
// vp->dp->w[i] = O; 



// Configuration for butterfly loop 
char *iram0= Branchfcab29_l; 
char *iram2= Branchtab2 9_2 ; 
char *iram4 = vp->olcl_me tries; 

char *ifam5= vp->olcl_metrics+128 ; // Xpp«Preload (5, 
short *iram6= vp->new_metrics ; ' 
unsigned long *iram7 = vp->dp->w; 
// syml & sym2 are in I RAM 1 & 3 



// XPE»Preload(0, Branchtab29_l^ 128/4); 
// XPE* Preload (2, Branchtab29~2^ 128/4); 
// XPE>Preload(4, vp->oldjnetric=3, 128/4); 

vp->old_rae trices +1'28, 128/4) ; 
// XFE»Preload(6, vp->new_metric=s, 128/2); 
// XPF» Preload (7, vp->dp->w, 8)? 
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for (_i=0;_i<8 ;_!++-) { 
rlse= 0; 

for (i2=0;i<32;i24-=2) { // unrolled once 
unsigned char metric, _tmp, mO,ml, _jmO, _ml 

metric = ( (*ir^m0++ A syml) + 

(*iraaml-!-+ A sym2) + 1) / 2.; 
_tmp= (metric « 1> -15; 
m0 = *iram2++ metric; 
ml = *iram3++ + (15 - metric); 
_m0 = m0 - __tnvp ; 
_ml = ml + _tmp; 

*iram6++ = (min (mO, ml ) « 8) | min (_m0, _ml ) ; 
rise = rise ! f mn ^- mi\ « \7 



( mO >= 
(_m0 >= 



ml) 
ml) 



« 12. 
« (12-+1); 



} 



fc iram7++ = rlse; 



/* Renormalize metrics */ 
if (vp->new_metrics [0] > 150) { 
' int i; 



// Configuration for loop 3 

char *iram0= vp- >new_metrics ; // XPPPreload (0,. vp- 

char *iraml= vp- >new_metrics+8; // XPPPreload (1, vp-: 

.char *iram2= vp->new_metrics + 16; // XPPPreload (2, .vp-: 

char *iram3= vp->new_metrics+24 ; // XPPPreload (3, vp-: 

char *iram4= vp- >new_me tries +32; // XPPPreload (4, vp- 

char *iram5= vp->new_metrics + 4 0; // XPPPreload (5, vp 

char *irain6= vp->new_metrics+4 8; // XPPPreload (6, vp-: 

char *iram7= vp->new_metrics + 56; // XPPPreload (7, vp 
for (i=0;_i<2;i++ ) {. 

minmetricO ■» min (minmetricO 



minmetricl 
minmetric2 
minmetric3 
. minmetric4 
minmetric5 
minmetric6 
minmetric7 



min (minmetricl 
min (minmetric2 
min (minmetric3 
min (minmetric4 
min (minmetric5 
min (minmetric6 
min (minmetric7 



mi.n( min(*iram0++ 
min ( *iramO++ 
ml ji ( min(*iraml++ 
min (*iraml++ 
mi xi ( min(*iram2++ 
min.(*iram2++ 
mi n ( min ( *iram3++ 
min (*iram3++ 
min( min(*iram4++ 
min (*iram4++ 
mi n ( min ( * ir am5++ 
min ( *iram5++ 
min ( min ( *iram6++ 
min ( *iram6++ 
miii { min(*iram7++ 
min ( *iram7++ 



} 



rainmetric = min ( min ( (min (minmetric 0, minmetricJL) , 

' min (minmetric 2, minmetric_3) ) , 

min ( (min (minmetri c 4 , minmetr ic_J5 ) / 

min (minmetric 6, minmetric_J7 ) ) ; 

// minmetric is written to the output IIRAM 



>new_me tries, 8) ; 
>hew_metrics+8, 8); 
>new_metrics+16, 8) 
>new__metrics+24, 8) 
>new_metrics+32, 8) 
>new_nu3trics+40, 8) 
>new_metrics+48, 8) ; 
>new metrics+56, 8) ; 



*iram.0++) , 
*iram.0++) 
*iram.l++) , 
*iram.l++) 
*iram.2++) , 
*iranv2++) 
*iram_3++) , 
*iramv3++) 
*iram_4++) , 
*iraia4++) 
*iram_5++) , 
*iram.5++) 
*iram.6++) , 
*iram.6++) 
*iram.7++) , 
*iram~7++) 
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// Configuration 
char *iram0= 
char *iraml= 
char -*iram2- 
char *iram3= 
char *iram4 as 
char *iram5= 
char *iram6*= 
char *iram7= 
for (i«0;i<4; 
*iraml++ = 
*iraml++ =* 
*iraml++ = 
*iraml++ = 
*iram3++ = 
*iram3++ - 
*iram3++ = 
*iram3++ = 
*iram5++ = 
*iram5++ = 
*iram5++ = 
*iram5++ « 
*iram'7++ = 
*iram.7++ - 
*iram7++ = 
*iram74+ = 

} 



for loop 4, minmetric: 

vp->new_metrics; / / 

vp->new_metrics ; / / 

vp->new_metrics+16; / / 

vp->new_metrics+16; // 

vp->new_metrics+32; / / 

vp->new_metrics+32; X/ 

■vp->new_metrics+48; / / 

vp->new_metrics+48? /V 

i++> *{ 

*iram0++ - minmetric;- 
•*iram0++ - minmetric;- 
*iramO++ - minmetric; 
'*iramO++ - minmetric; 
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is in an input 
XPPPreload 
XPPPreloadClean 
XPPPreload 
XPPPreloadClean 
XPPPreload 
XPPPreloadClean 
XPPPreload 
XPPPreloadClean 



I RAM 

(0, vp — >new_ 
(1, vp— >new_ 
(2,vp— >new_ 
(3,vp— >new_ 
•(4,vp— >new^ 
(5, vp— >new_ 
{6,vp— >new_ 
(7, vp— >new_ 



metrics, 4) 
metrics, 4) 
metrics +16, 4) 
metrics+16, 4) 
metrics+32, 4) 
metrics+32,4) 
metrics+48,4) 
metrics+48,4) 



-*iram2++ - minmetric; 
•*iram2++ - minmetric; 
*iram2++ - minmetric; 
^iram2++ - minmetric ; 
^*iram4++ - minmetric; 
-*iram4++ - minmetric; 
.^iram4++ - minmetric; 
-*iram4++ - minmetric; 
-*iram6++ - minmetric; 
-*-iram6++ - minmetric; 
^*iram6++ - minmetric;* 
•=* r iram6++ - minmetric; 



// first pipeline 



// second pipeline 



// third pipeline 



// fourth pipeline 



normalize « minmetric; 



vp->dp++; 

tmp = vp->old_metrics;. 
vp->old_metrics, = vp->new_metrics; 
vp->new_metrics . = tmp; 

return normalize; 



Performance Considerations 

In this example we do ixot have a high data locality. Every input data item is read exactly once J Only in 
the case of re-normalization, the newjnetric array is re-read and re-written. To fully utilize the PAE 
array loop tiling was used - in conjunction with reduction recognition to break dependencies using 
algebraic identities. In some cases (minimum search) this leads to extremely short vector lengths. This 
does not hurt as it still does reduce the running time of the configuration and the transfer time from the 
top of the memory hierarchy to the IRAMs stays the same. The vector length could be increased if the 
outer loop that calls the function was known - the additional data could be used to increase the fill 
grade of the IRAMs by unrolling the outer loop, keeping the vector length longer. This would further 
increase configuration performance by reducing overall pipeline setup times. 

Performance of XPP for this example is compared to a hypothetical superscalar RISC-architecture. We 



Operation 


Cycles 


Bfly Setup 


Butterfly 


Min Setup 


Min Search Norm Setup 


Normalize 


ADRCOMP 


t 


6 


7 _ 




1 






LD/ST 


2 


5 


8 


2 




1 




LDl 


1 


3 


4 


1 




1 




MOVE 


1 




4 




1 






bitop 


1 




10 






1 




ADD/SUB 


1 




20 




3 


3 


MULT 


2 


2 










-1 


CJMP 


3 




3 




2 






cycles 
Count 
Issue Width 
Total Cycles 


2 


23 
1 

12 


70' 
128 

4480 


5 
1 

3 


11 
64 

352 


4 
1 

2 


10 
6-4 

320 



Est RISC cycles 

5168 RISC Cycles 
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assume an average issue width of two which means that the RISC on average executes two operations 
in parallel. The estimate is achieved by counting instructions for the source code in 5.4.2. 
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5.5 MPEG2 encoder/decoder 



5.5.1 Quantization / Inverse Quantization (quant.c) 

The quantization file contains routines for quantization and inverse quantization of 8x8 macro blocks. 
These functions differ for intra and non-intra blocks and fiirthermo»Te the encoder distinguishes be- 
tween MPEG1 and MPEG2 inverse quantization. 

This gives a total of 6 functions, which are all candidates for function inlining, since they do not use 
the XPP capacity by far. 

Since all functions have the same layout (some checks, one main loop running over the macro block 
quantizing with a quantization matrix), we concentrate on "iquantjutra", the inverse quantization of 
intra-blocks, since it contains all elements found in the other procedures (The non_intra quantization 
loop bodies are more complicated, but add no compiler complexity). In the source code the mpegl part 
is already inlined, which is straightforward since the function is statically defined and contains no 
function calls itself. Therefore the compiler inlines it and dead function elimination removes the whiole 
definition. 

Original Code 

void iquant_dntra (src,dst, dcjrec, quant_mat , mquant ) 
short *src, *dst; 
int dc_j>rep; 

unsigned char *quant_mat; 

int mquant; 

{ 

int i, val , sum; 

if (mpegl) { 

dst[0].= src[0] « (3-dc_prec) ; 

for (i-L/ i<64; i++) 

{ 

val - (int) (src[i] *quant_mat [i] *mquant) /16; 

/* mismatch control */ 
if- ( (val&l)-=0 && val!=0) 
. val+= (val>0) ? -1 : 1; 

/* saturation */ 

dstji] « (val>2047) ? 2047 : ((val<-2048) ? -£048 : val) ; 

} 

else 
{ 

sum .= ds-t[0] = src[0] « (3-cic_prec) ; 

for (i-1 ; i<64; 

{ 

val = (int) (src[i] *quant - mat [i] *mquant) /16; 

sum+= cistfi] - (val>2047) ? 2047 : ( (val<-204S ) ? -2048 : val); 

} 

/* misma-tch control */ 
if ( (sum£l)~0) 
dst[63:^= i; 

} 



} 
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interprocedural Optimizations 

Analysing the loop bodies shows that they easily fit to the XPP and do not use the maximiam of re- 
sources by far. The function is called three times from module putseq.c. With inter-module function 
inlining the code for the function call disappears and is replaced with the function Therefore it reads 

for (k=Q; k:<mb_height*mb_widtbL; k++) { 

if (mbinf o[k] ,mb_type & MB ICNTRA) 

for (j=0; j<block_count; j ++) 
if (mpegl) { 

blocks [k*block_count+j ] [0] = blocks [k*blo ck_count+j ] [0] « 

(3-dc__prec) ; 

for: (.1-1; i<64; i++) { 

xral = (int) { blocks C.k*block_count+j] [i] *intra_q[ij *mquant) /L6; 

} else { ' 

sum - blocks [k*block_count+j ] [0] = blocks [k*block_count+j ] [0] « 

(3-dc pnrecj ; 

for- (1-1; i<64; 1++) { 

val - (int) ( blocks [ k*block_count+j] [1] •=* intra_q [i]*mquant) /16; 

> 

• } 

} else { 



Basic transformations 

Since global mpegl does not change within the loop unswitching moves the control statement outside 
the j loop and produces two loop nests. 

for .(k=0; k<mb_height*mb_width ^ k++) { 
if (rabinf o[k] .mb_type & MB_I1SITRA) 
if (mpegl)' 

for (j=0; j<block_count; j++) { 

blocks [k*block_count+j ].[0] = blocks [ k*bloc:k_count+j ] [0] « 

(3-dc_jprec) ; 

for (1-1; i<64; 1++) { 

val - (int) ( blocks [ R*block_count+j ] [i] *-intra_q[i] *mquant)"/16; 

} ' * * 

} 

else 

- for ( j=0; j<block_count; j++) .{ 

sum = blocks [k*block__count+j ] [0] ?= blocks [ Jc*block_count+j ] [0] « 

(3-dc__p2r ec) ; 

for (1-1; i<64;'. 1++) { 

val - (int) ( blocks [ 3c*block_count+j ] [i] * intra_q. [1] *mquant ) ^16; 

} 

} 
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Furthermore the following transformations are done: 

■ A peephole optimization reduces the divide by 16 to a right shift 4. This is essential since we do 
not consider loop bodies containing division for the XPP^ 

■ Idiom recognition reduces the statement after the "saturation" comment to 
dsfc [i] « min(max (val, —2048), 2047) 

Increasing parallelism 

Now we want to increase parallelism. The j-i loop nest is a candidate for unroll-and-jam when the 
interprocedural value range analysis finds out that block^count can only get the valutes 6,8 or 12. 
Therefore it has a value range [6,12] with the additional attriljute to be dividable by 2. Thus an unroll 
and jam with the factor 2 is applicable (the resource constraints would choose a bigger value). Since 
no loop carried dependencies exist, this transformation is safe - 

It is to say that the source code contains a manually peeled first iteration. This peeling Has been done 
because the value calculated for the first block value is completely different from the o"ther iterations 
and the control statement in the loop "would cause a major performance decrease on traditional proces- 
sors. Although this does not prevent unroll-and-jam (because there are no dependencies between the 
peeled of first iteration and the rest of the loop), the transformation must be prepared to handle such 
cases. 

After unroll and jam the source code looks like (only one of the nests showed and the peeled first it- 
erations moved in front) 

four (j=0; j<block_count; j+=2) { 

fc>locks [k*count+j ] [0] = blocks (k*count+j ] [0] « (3-dc_prec) ; 
blocks [k*count+j+l] [0 j = blocks [k*count-h j+1] [0] « (3-dcjpreo) ; 
for (1-1; i<64; { - 

val = (int) (blocks [ k^count+j ] [i]*iritra q[ij *mbinfo [k] .mquant) »4; 

/* mismatch control •*/ 
if ((val&l)==0 && val!=0) 
val+= (val>0) ? -1 : 1; 

/* saturation */ 

blocks [k*count+j] [i] « min (max (val, -2048), 2047); 

val = (int) (blocks [k^count+j + 1] [i J*intara_q[i] *mbinfo [k] .mquiant) »4; 

/* mismatch control **"/.. 
if ((val&l)==0 && val!-0) ' 
val+= (val>0) ? -1 : 1; 

/* saturation */ 

blocks [k*cbunt+j+lj [i_] = min (max (val, —2048 ) , 2047); 

} 

} 

Further parallelism can be obtained by index set splitting. Normally used to break dependence cycles 
in the DOG, it can here be used to split the i-loop in two and let two sub-configurations 5 work on dis- 
tinct blocks of data. Thus the i loop is split into 2 or more loops which work on different subsets of the 
data at the same time. 



5 sub-configuration is chosen as a working title for configurations which contains independent netwc*:rks mat do 
not interfere: 
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Handling the data types 

* * th* FIR Filter edee detector and matrix multiplication benchmarks, which all use data 
In conteast to the FIR-F. JJfJ'^|f ^1 mp E G2 C odec uses all data types commonly used on a proces- 

width of 32 we must take precautions for the smaller data types. 

Th^W we solit the stream of data packets with each packet containing 2 or 4 vaLxies of the shorter 
2S^Z 2ol t strfams. If we ha£e enough resources left, this will cause no performance M^nahy. 
STth^ivided streams is sent to its own calculation network; therefore in ever^cycle two short 

16 or 8 bit value, respectively. 



| lo word 
gffl sign bits 
[ | Obits 



^ SIBtN J 



network 
foThi- 
word 



network 
word 












Oxffff 




Figure 64 Splitting short values into two streams and merging them 
after the calculation. This method causes no performance penalty 
'We assume that the size of int is ehosen to be the XPP architecture data bit width. Everyflnng eslse would not 
lead to any feasible result 
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If the configuration size does not allow the whole loop body to be duplicated or dependencies prevent 
this, we still have the possibility to merge the split values again. This of couirse causes a performance 
penalty to the previous solution, because the throughput is only one (short) value/cycle now. Figure 65 
shows how the merge is done. Instead of streaming parallel through two networks the values are seri- 
alized and de-serialized again after the network. 




Figure 65 Merging the split values before the network. An event gen- 
erator drives the merge anddemux PAEs. This figure replaces th& 2 
black boxes labeled "network" in Figure 64 



5.5.2 Inverse Discrete Cosine Transformation (idctc) 

The idct-algorithm is used for the MPEG2 video decompression algorithm. It operates on 8x8 blocks 
of video images in their frequency representation and transforms them back urto their original signal 
form. The MPEG2 decbder contains a transform-fuxiction that calls idct for all Mocks of a frequency- 
transformed picture to restore the original image. 

The idct function consists of two for-Ioops. The first loop calls idctrow - the second idctcol. Function 
inlining is able to eliminate the function calls within the entire loop nest structuire so that the numeric 
code is not interrupted by function calls anymore. Another way to get rid . of function calls between the 
loop nest is loop embedding that pushes loops from the caller into the cailee. 

Original Code (idct.c) 

/* two dimensional inverse .discrete cosine transform *•/ 
void idct (block) 
short *block; 
{ 

int i; 

for (i~0; i<8; 

idctrow(block+8*i) ; 

for (i=0; i<8; i4- + ) 
idctcol (block+x ) ; 

> 
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The first loop changes the values of the block ixrw by row. Afterwards the changed block is further 
transformed column by column. All rows have to be finished before any column processing can be 
started. 



x idctrow 8 3c idctcol result 




Dependency analysis detects true data dependencies between row processing and column processing. 
Therefore the processing of the columns has to be delayed until all rows are done. The innermost loop 
bodies idctrow and idctcol are nearly identical. They process numeric calculations on eight input val- 
ues (column values in case of idctcol and row values in case of idctcol). Eight output values are cal- 
culated and written back (as column/row). Idctcol additionally applies clipping before the values are 
written back. This is why we concentrate on idctcol: 



/* column (vertical) IDCT 
* 

* 7 pi 1 

* dst[8*kj - sum c[l] * src[8*l] * cos( — * ( k + - ) * 1 ) 

* 1=0 8 2 
* 

* where: c[0] = 1/1024 

* c[1..7] = (l/1024)*sqrt<2) 

*/ 

static void idctcol (blk) ' 

short *blk; 

I 

int xO, xl, x3, x4 , x5, x6, x7, x8; 



/* shortcut */ 

if (!((xl= (blk[8M]«8)) I (x2 = blk[8*6]) I 

(x3 = bl3<[8*2)) ) (x4 - blk[8*l]). I (x5 - blk[8*Z])" I 
(x6 = bl!k[8*5] ) | <x7 - blk[8*3]))) 

{ blkC8*0J-blk[8*l]=blk[a*2]=blk[8*3]-blkC8*4]-blk[8*5] = 
blk[8*6]«bl-kC8*7]=iclpt(.blk[8*0] + 32)»6J; 
■return; 

} 

xO = (blk[8*0]«8) + 8192; 

/* first stage */ 

x8 - W7* (x4+x5 ) + 4;. 

x4 - <x8+(Wl-W7) *x4)»3; 

x5 - (x8-(Wl+WT7) *x5)»3; 

x8 = W3* (x6+x7 ) '+ 4;- 

x6 = (x8-(W3-WT5) *x6)»3; 

x7.= (x8-(W3W5)*x7}»3; 



/* second stage */ 

x8 = xO + xl; 

xO xl; ' 

xl - W6*<x3+x2) + 4; 

x2 = (xl-(W2+W6) *x2)»3,- 

x3 - (xl+{W2-W6) *x3)»3; 
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xl =» x4 + x6; 
x4 -= x6; 
x6 - x5 + 5i7; 
x5 -= x7; 

/* third stage */ 

x7 - x8 + 

x8 -= x3; 

x3 - xO + jc2; 

xO — x2; 

x2 - (181* (x4+x5)+128)»8; 
x4 « (181* (x4-x5)+128)»8; 

/* fourth- stage */ 

blk[8*0] - iclp[ (x7+xl)»14] 

blk[8>l] = iclp[ (x3+x2)»14] 

blk[8*2] - iclp[(x0+x4)»14] 

blk[8*3] - iclpC (x8+x6)»14] 

blk[8M] - iclp[ (x8-x6)»143 

blk[8*5] - iclp[(xO-x4)»14] 

blk[8*6] = iclpE (x3-x2)»14J 

blk[8*7]' = iclpC (x7-xl)»14] 
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Wl - W7 are macros for numeric constants that are substituted by tlie preprocessor The iclp ™J £ 
used for clipping the results to 8-bit values. It is folly defined by toe mrtjdet function before idct is 
called the first time: 



void init_ d_dct ( ) 
< 

int i; 

iclp = icrlip+512; 
for (i= -512; i<512; i++) 
iclp[i] - (i<-256) ? ~256 : 



(<i>255) ? '255 : i) 



val 



SI 1 




A B 

SORTu 

X Y 




i le 




A B 

uSORT 

X Y 




, .. 4- 





saturate(va!,n) 



A special kind of idiom recognition (function recognition) is able to replace the 
calculation of each array element by a compiler known function that can be re- 
alized efficiently on the XPP. If the compiler features whole program memory 
aliasing analysis it is able to replace all uses of the iclp array wrththe call of the 
compiler known function. Alternatively a developer can replace the iclp anay 
accesses manually by the compiler known saturation function calls. Xhe illustra- 
tion shows a possible implementation for saturate(val,n) as NML schematic .us- 
ing two ALUs. In this case it is necessary to replace array accesses like iclp[i] by 
saturate(i,256). 

The /'shortcut*/ code in idctcol speeds column processing up if xl to x7 is zero This breaks the 
wtlformed sSucture of the loop nest. Tire if-condition is not loop invariant «d loop m-M£« 
Tannot be applied. But nonetheless - the code after shortcut handling is well suited for the XPP. It is 
poSle to synthesize if-conditions for the XPP (speculative processing of both blocks plus selection 
baSd on condition) but this would just waste PAEs without any performance benefit. Therefore the 
/Shortcut* / code in idctrow and idctcol has to be removed manually. The code snippet below 
show! ^e mlined version of the idctrow-loop with additional cache instructions for XPP control: 

void idct (block) 
short *blocK; 
{ 

int i; 

XPPPreloacd(IDCTROW_CONFIG) ; // Loop Invariant 

for (i=0; i<8; i++) { 
short *blk; 

int xO, xl, x2, x3, x4, x5, x6, x7, x8; 
blk = block+8*i; 

XPPPresload(0, blk, 8); 

XPPPreloadClean(l,blk,8); // I RAMI is erased and assigned to blk 
XPPExsscute ( IDCTROW_CONFIG, I RAM ( 0 ) , IRAM(l) ); 



) 

for 



(i=0; i<8; i++) ( 



As the configuration of the XPP does not change during the loop exec -ution invariant code motion has 
moved out XPPPreload(IDCTRO W_CONFlC) from the loop.. 



J 
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NML Code Generation 
Data Flow Graph 

As idctcol is more complex due to clipping at the end of the calculations we decided to take idctcol as 
representative loop body for a presentation of the data flow graph. 

The figure on the next page shows the data flow graph for the n>CTCOLUMN_CONFIG. A heuristic 
has to be applied to the graph to estimate the resource needs on the XPP. In our example the heuristic 
produces the following results: 





ADD.SUB 


MUL 


« X, » X 


Ops needed 


35 


11 


18 




ALUs 


FREGs 


BREGs 


Res. left 


IS 


80 


45 


Res. avail. 


64 


80 


80 



Saturate<x,n) 

s 



Fortunately the data flow graph fits into an XPP64 and we can proceed without loop dissevering 
(splitting the loop body into suitable chunks) for this example. 



7 XPP-VC: A C Compiler with Temporal Partitioning for the PACT-XF»P Architecture, J. M. P. Cardoso and 
Markus Weinhardt 
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Address Generation: 

To fully synthesize the loop body we have to face the problem of address generation for accessing the data. 



For IDCTCOLUMN_CONFIG we have to select the n* element of eve- 
ry row which means an address serial of (0,8,16... 1,9,17... 7,15,23...). 
We use two counter macros for address generation as shown opposite. 
The upper counter increments by eight and the lower by one. The IRAM 
output is passed to the data flow graph of IDCTCOLUMN. If all (eight) 
row elements of a column are available SWAP is switched through to 
the data flow graph input and the calculation for a new column begins. 

For the IDCTROW_CONFIG trie address generation is very simple as 
the IRAM already contains the block in the appropriate order- (row after 
row as it has to be accessed). Again by using SIUP(stepped iterative up)- 
counter macros as described in the XPP tutorial it is possible to map 
linear address expressions to NML-code in a generic way. As 
1DCTRO W_CONFIG accesses a two-dimensional array we need two 
SlUP-counters in the corresponding NML code. The columon-elements 
have to be accessed row after row so the upper counters increment is one 
and the lower counters increment is eight. However, the NMX code for 
this access pattern (0..., 5,6, 7,8,9,... 63) can be reduced to one single 
counter (or to FIFO-mode IRAM access). 

Address generation for write access is implemented in the same 
manner. The resources have to be updated to take this additional 
code into account. It takes 2*(8+8-f2*l) FREGs and 2*(2+l) 
more BREGs in the worst case which is still available on. the XPP. 



8] 64tlc=ks 



end inc step 

SIUP 



end Inc step 

SIUP 

x u 



L 



A B 

ADD 

X Y 



IN WR RO 

IRAMO 



SWAP 



SWAP 



AW 
SWAP 
1 



SWAP 
— * 



SWAP 



If ER-AM use is not critical it is also possible to distributee the data on several IILAMs to improve the 
memory throughput into the XPP-array. This task has to be done by the RISC-core or by a more so- 
phisticated XPP-cache controller. 



Further Enhancing XPP Utilization 

As mentioned at the beginning idct is called for all data blocks of a video image (loop in . transform. c). 
This circumstance allows us to further improve the XPP utilization. 

When we look at the data flow graph of idctcol in detail, we see that it forms a very deep pipeline. If 
we bring back to our mind that the IDCTRO W^CONFIG runs only eight times . on the XPP which 
meant that only 64 (8 times 8 elements of a column) elennents are processed throu .gh this pipeline and 
that we have to wait then until all data left the pipeline before we can change the )CPP configuration to 
the IE>CTCOLUMN_CONFIG configuration to go on with column processing then it gets obvious that 
something is suboptimal in our example. 

Problem (Pipeline Depth) 

The pipeline is just too deep for processing only eight tiiraes eight rows. Filling 
and flushing a deep pipeline is expensive if only little data is processed with it 
First the units at the end of the pipeline are idle and then the units at the begin 
are unused. 



DATA 



IDLE 



Ripeline Depth 



IDLE 



DATA 



Solution (Loop Tiling) 

It is profitable to use loop interchange for moving the dependencies between row and column proc- 
essing to an outer level of the loop nest. The loop that caJls the idct-function (in tr^ansform.c) on sev- 
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eral blocks of the image is has no loop interchange preventing dependencies. Therefore this bop can 
be moved inside the loops of column and row processing. 



// transform . o 



o 
o 



CD 

§• 

CD 



for (n=0; n<b JLock_count; n++) { 

idct (blocks [k*block_count+n] ) 

} 



// idct ? c 



// block count is 6 or 8 or 12 



/* two dimensional inverse discrete cosine transff orm */ 
void idct (block) 
short *block; 
{ 

int i; 

for (i=0; i<8; i++) 



idctrow(fc>JLock+8*i) ; 
for ( i=0 ; i < 8 ; i++ ) 



idctcol (t> iock+i) ; 



} 



Now the processing of rows and columns can be applied on more data (by applying loop tiling) and 
therefore filling and flushing the pipeline can be neglected. 

Constraints (Cache Sensitive Loop Tiling) 

The caching hierarchy has to be taken into account wJien we define the number of blocks that will be 
processed by the IDCTROW_CONFIG. Remember, we need the same blocks in the subsequent 
IDCTCOLUMN_C0NFIG configuration! We have to take care that all blocks that are processed dur- 
ing IDCTRO W_CONFIG fit into the cache. Loop tiling has to be applied with respect to the Cache size 
so that the processed data fits into the cache. 



IRANI reuse between different configurations 

This example implies another bandwidth optimization that is just a 
more consequent version of loop tiling. Instead of transferring data 
from row processing to column processing via the memory hierarchy 
(cache sensitive loop tiling takes care that only the cache memory is 
accessed) we can completely bypass the memory interface by using 
the output IRAM of Coning A as input IRAM of Config B. 

Putting all together 

If we apply cache sensitive loop tiling, IRAM reuse and function in- 
lining we can further opt imize our example: 

Finally the idct- function gets completely inlined in transform.c. If 
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block_count is e.g. 6 and we assume that 64*6 words do not exceed the cache size then we can trans- 
form the example to: 

// trans form. c 



block = blocks [k:*6] ; 
XPPPreload (IDCTROW_CONFIG) ; 

3TPPPreload(0, block, 64*6) ; // IR^MO gets 64 words from 6 blocks 

XPPPreioadClean ( 1, block, 64*6) ; // erase I RAMI and assign to the 6 blocks 
XPPExecute { IDCTROW_CONFIG, IRAM ( 0 ) , IR?\M ( 1 ) ) ; 

XPPPreload { IDCOLUMN_CONFIG) ; 

XPPPreload (1, block, 64*6) ; // recdundant -> will be eliminated 

XPPExecute (IDCOLUMN_CONFIG, IRAM ( 1) , IFtAM (2 ) ) ; 



The address generation in IDCTROW^CONFIG and IDCOLUMN CONFrG has to be modified for 
reflecting the different data block size - caused by loop tiling - that has to be processed. This can be 
implemented by an additional SU1P counter that generates the block offsets inside the tiles. 

lock offset 

i I, ' "'""'* + / > ' H : 1 




block_count = 6 



The table contains architectural parameters for IDCTROWJ30NFIG and ODCOLUMN_CONFIG of 
the final result. It relies on a cache that is able to store block_c6unt blocks. -As two configurations are 
executed in this example the configuration cycles have to be taken twice arid therefore the total con- 
figuration cycles are 2 x (block_count x 64 + (12 -+ 2 x 8) x 2). 



Parameter 


Value 


Vector length 


8 words 


Reused data set size 


block_count x 64 vy ords 


I/OIRAMs 


3 (one shared) 


ALU 


45 FUs 


BREG 


41 FUs 


FREG 


36 FUs 


Data flow graph width 


8 


Data flow graph height 


12 


Configuration cycles 


block_count x 64 + (12 -+ 2*8) x 2 



Performance Considerations 
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In this example it is possible to exploit high data locality which means that many operations are per- 
formed on a limited memory range. The performance of the proposed X3>P solution is compared to a 
hypothetical superscalar RISC-architecture. We assume an issue width of two which means that the 
RISC executes on average two operations in pairalleL 



Ops for Row/Column 
LD/ST 16 
ADRCOMP 16 
ADD/SUB 35 
MULT 11 
SHIFT 18 
SAT 8 
Issue Width 



Est. RISC cycles 
2 
1 
1 
2 
1 
4 



Cyc/Row(Col) 



32 
16 
35 
22 
18 
32 
2T55" 
"75* 



Proc. Rows 
Proc. Cols 



8 
8 



RISC Cyc/Blk 
XPP Cyc/Blk 



620 
620 
TOT 



"T28" 



Speedup 



with data dupllcation+reordering 24 
10 with data duplication+reordering 52 



Even though speedup is reasonable it gets obvious that fetching the input data from a single IRA1M 
fXhmeans Lt we have to feed the eight inputs in eight cycles before processing is started) reduces 
^ potential speedup significantly. With other ^vords we have a pipeline that is able to process eigfct 
Sput vaLs per cyoTe b?t we are loading the pipeline only every eighth cycle. This causes that onty 
every eighth pipeline stage is filled. The figure t>elow illustrates this: 



without with 
ata duplication data duplication 



Full utilization can be achieved only by loading the eight input values of the pipeline in one cycle f\ 
sim^ZZ improve the memorj throughout to the pipeline is date* duplication as described i* 
the hardware section. 

Instead of loading nxe six 8x8 blocks to a single IRAM we use the XPPPreloadMultiple command to 
load the eight IRAMs with the same contents: 

XPPPreload(0,block,64*6); // IR^MO gets 64 words forom 6 blocks 

is changed to: 

XPPPreloadMultiE>le(OxFF, block, 64x6) // load IRAM0 up to IRAM7 with blocks 
Now the pipeline gets folly utilized and we also have to store eight results per cycle. Thb can be 
achieved by writing every-outputvalue to another IRAM which additionally takes eight more IRAMs 
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(using data duplication in this example needs all 16 IRAMs of the XFP64). For storing the data tliat is 
generated with IDCTROW_CONFIG we have to change: 

XPPPreloadCl«3*an(l, block, 64*6) ; // erase I RAMI and assign to the 6 blocks 
to: 

tmpsize = 64* 6/8; 
XPPPreloadClean ( 8, 
XPPPreloadCle-an ( 9 , 
XPPPreloadClean < 10 , 
XPPPreloadClean (11, 
XPPPreloadClosan ( 12 , 
XPPPreloadCleaan ( 13 , 
XPPPreloadClesn { 14 , 
XPPPreloadClesan ( 15 , 

This causes different data layouts for the intermediate results. We need an additional configuration 
(REORDER^COISFIG) to restore the original data layout. 



block+0*tmpsi_ze, 


tmpsize) ; 


// 


IRAJYI8 


for 


interm. 


Rslt 


1 


bl o c k+ 1 * tmps i_ ze , 


tmpsize) ; 


// 


IRAJM9 


for 


interm. 


Rslt 


1 


bl o c k+ 2 * tmp s i_ z e , 


tmpsize) ; 


// 


IRAJX110 


for 


interm. 


Rslt 


1 


block+3*tmps±ze, 


tmpsize) ; 


// 


IRAJtfll 


for 


interm. 


Rslfc 


1 


block+4 *tmpsi_ ze , 


tmpsize) ; 


// 


IRAJJ412 


for 


interm. 


Rslt 


1 


block+5*tmpsi. ze, 


tmpsize) ; 


// 


IRAJM13 


for 


interm. 


Rslt 


1 


block+6*tmps:Lze, 


tmpsize) ; 


// 


IRAJM14 


for 


interm. 


Rslt: 


1 


block+7*tmps:Lze, 


tmpsize) ; 


// 


IRAJM15 


for 


interm. 


Rslt: 


1 
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Again address generation has to be modified to fetch eight input values per cycle. This on the one Eiand 
requires seven additional adders, but on the other hand avoids swaps and latches for keeping the data 
eight cycles. 

Data duplication and data reordering finally transforms the example code to: 
7/ transform, c 



block = blocks [k*63; 
XPPPreload(IDCTROW_CONFIG) ; 

XPPPreloadMul-fciple(0.xFF, block*, 6 4x6) // load I RAMO u& to IRAM7 with blocks, 
tmpsize = 64*6/8'; // result gets seperated into 8 IRAIVIs 

XPPPreloadClesm { 8, block+0 * traps i ze, tmpsize); // IRAM8 for interm. Rslt 1 

XPPPreloadCleeui ( 9, block+l*tmpsi ze, tmpsize); // IRAM9 for interm. Rslt 1 

XPPPreloadClea*n{10, block+2*tmpsi ze, tmpsize); // IRAM10 for interm. Rslt 1 

XPPPreloadClesm (11, block+3+tmpsi ze, tmpsize); // IRAM11 for interm. Rslt 1 

XPPPreloadClesm (12, block+4 *tmps i ze, tmpsize); // IRAIM12 for interm. Rslt 1 

XPPPreloadClesaii(13, block+5*tmps± ze, tmpsize); // IRAM13 for interm. Rslt 1 

XPPPreloadClean(14, block+6*tmpsi ze, tmpsize); // IRAM14 for interm. Rslt 1 

XPPPreloadCleem (15, block+7* tmpsize, tmpsize); // IRAM15 for interm. Rsit 1 
XPPExecute(IDCTROW_CONFIG, IRAM(0-7) , IRAM(8-15) ) ; 

XPPPr©load( IDCOLUMN_CONFIG) ; 

XPPPreloadMui-fcipl©(OxFF, block, 64x6) // Id IRAM0-IRAJM7 with interm. Rslt 1 

XPPPreloadClesan ( 8, block+0*tmpsi ze, tmpsize); // IRAM8 for interm. Rslt 2 

XPPPreloadCle?an ( 9, bl oc k+1* traps i ze, tmpsize); // I RAM 9 for interm. Rslt 2 

XPPPreloadClesan(10, block+2*tmpsi ze, tmpsize); // IRAM10 for interm. Rslt 2 

XPPPreloadClesan(ll, block+3*tmpsi ze, tmpsize); // IRAM11 for interm. Rslt 2 

XPPPreloadClesm(12, block+4 *tmpsi ze, tmpsize); // IRAM12 for interm. Rslt 2 
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XPPPreloadClean(13, block+5 *tmpsize, tmpsize); I J IRAM13 for interm, Rslt 2 

XPPPreloadClean(14, block+ 6 ^tmpsize, tmpsize); /J IRAM14 for interm. Rslt 2 

XPPPreloadClean(15, block+7 * tmpsize, tmpsize); I J IRAM15 for interm, Rslt 2 

XPPExecu-fce(IDCOLUMN CONFIG, URAM { 0-7 ), IRAM (8-15) ) ^ 



XPPPrel oad { REORDER 
XPPPrel oadMul tiple 
rsltsize « 64; // 
XPPPreloadClean ( 8 
XPPPreloadClean ( 9 
XPPPrel oadClean ( 10 
XPPPreloadClean ( 1 1 
XPPPreloadClean (12 
XPPPreloadClean (13 



^CONFIG) 

(OxFF, block, 64x6) 
64*6/6; 

block+0 '■'rsltsize, 
block+1"* rsltsize, 
block+2 ^rsltsize, 
block+3*rsltsize, 
block+^rsltsize, 
, block+4 ^rsltsize, 



// Id IRAMO-IRAM7 with interm- Rslt 2 



rsltsize) ; 
rsltsize) ; 
rsltsize) ; 
rsltsize) ; 
rsltsize) ; 
rsltsize) ; 



// 
// 
// 
// 
// 
// 



I RAM 8 
I RAM 9 
IRAM10 
I RAMI 1 
IRAM12 
IRAM13 



for final 
for final 
for final 
for final 
for final 
for final 



Rslt 
Rslt 
Rslt 
Rslt 
Rslt 
Rslt 



XPPExecute(IDCOLPMN_CONFIG r IRAM { 0-7 ) , IRAM ( 8-13) ) ; 
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5.6 Wavelet 



5.6.1 Original Code 

void forward_wavelet ( ) 
{ 

int i,nt, *dmid; 

int *sp, *dp, d_tmp O , _ d^tmpX, d_trapi, s__tmp0, s_tmpl; 
int mid, ii; 
int *x; 

int s[256] ,d[256j; 

i 

for (nt=COL;nt>~BLOCK_SIZE;nt>>=l) { 
for (i-0;i<nt*COL/*tmp_nt*/;i+-COL) { 

x = &int_data[i3 ; 
mid«(nt>>l)-l; 

s[0] -».x[0]; 
d[0] = x[ROW]; 
s[l] = x£2J; 
s[mid] = x[2*micl] ; 
d[mid] = x[2*mici+ROW] ; 

d[0] = (d[0]«l)-s[0]-s[l] ; 
s[0]=s[0] + (d[0]»2) ; 

d_tmp0 - d[0]; 
s_tmp0 = s[lf; 

for(ii=l; ii<mici; ii++) { 
s_tmpl « x[2*ii+2]? 

d_tmpl «((x[2*ii+ROW] - s_tmpO - s_tmpl; 

d[ii] - d_tmpl;* 

s[ii]« s_tmpO-f-( (d_tmp0+d_tmpl)>>3) r' 
d_tmpO = d_tmjp 1 ; 
s_tmpO = s_tnqpl; 

} 

d[mid] = (d[mid]-s[mid] 

s [midl=s[mid3+( <d [mid-1] +d [mid] )»3)^ 

for(ii=0; ii<=mid; ii++) { 
x[ii]-s[ii]; 
x[ii+mid+l]-d CiiJ ; 

> 

} 

for (i=0;i<nt;i++> {• 

x = &int_data[±] ; 
mid«(nt»l)-l; 

s[0] - x[0].; 

d[0] = x[COL]; 

s[l] « x[COL«13 ; 

s [mid] = x [ (COL«l ) *mid] ; 

d[mid] - xC(COL«l)*mid +COL] ; 
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d[0] = <d[0]«l)-s[01-s [1]; 
s[0]=s[O] + (d. [0]»2) ; 

d_tmpO « d[0] ; 
s_tmpO « s[l} ; 
for(ii=l; ii<mid; ii++) { 
s_tmpl « x [2*COL* (ii+1) ] ; 

dt_tmpl ={x C2*COL*ii+COL]«l) - £3_tmp0 - s_tmpl; 
d[ii] = d__fcmpl; 

s[ii]~ s_tmpO+ ( (d_tmp0+d_tmpl)>^>3) ; 
d__tmpO = d__tmpl ; 
s_tmpO = s tmpl ; 

} 

d[raid] = (d[m±ci] <<1) - (s [mid] «1) ; 

s [mid] -s [mid 3 + ( (d [mid-1] +d[mid3 ) »3) ; 

for{ii*0; ii<=mid; ii++) { 
x[ii*COL]-s[ii]; 
x[(ii+mid+l)*COL]-d[ii]; 

} 

} 

} 

} \ 



5.6.2 Optimizing the Whole Loop Nest 

After pre-processing and application of copy propagation over s__tmpl, d_tzmpl, we obtain the fol- 
lowing loop nest. 

void forward_wavelet () 
{ 

int i,nt, *dmid; 

int *sp, *dp, d__fcmp0, d_tmpl, d_trapi, s__tmp0, s_tmpl; 
int mid, ii; 
int *x; 

int s[256] / d[256] ; 

for <nt=*64;nt>=* 16;nt»-l) {- 
for (i=0;i<nt*64;i+=64) { 

x <= &int_dats [i] ; 
m±d«(nt»i)-l; 

s[b] - x[0]; 
■d[6]. - x[l]; 
s[l] = x[2]; 
s[mid] = x[2*mid] ; 
d[mid] =x[2*mid+l]; 

d[0]-(d[0]«a)-s [0]-s[l] ; 
s[0]=s[0] + (d E0]»2) ; 

d_tmp0 - d[03 ; 
s__tmp0 = s[l] ; 
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forlii^l; ii<mid; ii++) i 

d[ii] * < (x['2*ii+l])«l) - s_tmpQ - x[2*ii+2]; 
s[ii]~ £5_tmp0+( (d_tmp0 + d[ii])»3); 
d_tmp0 d[ii] ; 
s_tmp0 s [ii] ; 

} 

d [mid]= (d [mid] -s [mid] ) «1; 

s[mid]=s [mid] + ( (d [mid-1] +d [mid] ) »3) ; 

for(±i-0; Ii<=mid; ii++) { 
x[ii]«s Cii] #' 
x[ii+mia+l]=d[ii] ; 

} 

} 

for (i=»0;i<ntt;i++) { 
x - &int_data[i] ; 
mid-(nt»X)-l; 

s[0] - x[0] ; 

d[0] - x[64]; 

s[l] - x[128] ;, 

s [mid] - ac[128*mid]; 

d[mid] - x: [128*mid + 64]; 

d[0]-(d[0] «l)-s[0]-s[l]; 
s[0]-s[0]+ (d[0]»2); 

d_tmp0 = d. [0] ; 
s_tmp0 - s [1] ; 

for(ii=l; ii<mid; ii++) { 

d[ii] =(ac[128*ii+64] «1) - s_tmp0 - x[128* (ix+- 1) J ; 
s[ii]« s_tmp0+( (d_tmp0 + d [ii])»3); 
d_tmpO - d[ii] ; 
s_tmpO - ' s [ii] ; 

} 

d[mid] = (d[rnid]«l) - (s [mid] <-<l ) ; 
s[mid]-s[mid] + ( ( d [raid- 1 ] +d [mid] )»3) ; 

for(ii=Ci; d.i<=mid; ii++) { 
x[ii*64]=s[ii] ; 
x[ (ii+mid+l)*64]=d[ii] ; . 

} * 



} 



} 



Then we have 4 tables, one for each innermost loop. The tables for the first and the third loops 
identical, as are the tables for the second and Hie fourth loop. We have the following two tables. 



are 
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Parameter 


Value 




mid-2 


T?f»iic*=>r! Hata set size 


- 


t/r\ T13 A "Ms 




ALU 




BREO 


O 


FREG 




Data flow graph width 




Data flow graph height 




Configuration cycles 


6+(mid-2) 




Parameter 


Value J 


Vector length 


raid 


Reused data set size 




I/OERAMs 




ALU 


J~ C 


BREG 


O 


FREG 


O 


Data flow graph width 




Data flow graph height 


1 


Configuration cycles ^ ' • 


raid 



for (nt=64;nt>= 16;nt»-l) { 
for (i=0 ? i <n t-*-6 4-H.-+ = 6 4-) —{ 
x = &int_data[i] ; 
mid=(ht»D-l; 



"s[QJ - x[0]; 
d[0] - x[l]; 
s[l] = x[2]; 



s[mid] - x[2*mid]; 
d[mid] - x[2*mid+lj; 

•d[0]=*(GL[O]<<l)-s[0]-stl]; 
s[0]~s [0] + (d[0]»2) ; 

d_tmpO = d[0]; 
s_tmpO » s [1] ; 



PCT/EP2003/008080 
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Case Studies 

for (ii^ 1 '* iKmid; ii-f-+) { r o + -s4 4.91 . 

5 in -nxi2*ii+n)«i) - • T 5?i>3i* 1 

alii]- s_t*pO+l(d_tnipO + d[a]J»3); 
dL_tmpO - d[iil ; 
s _tmpO - s [ii] ; 

} 

for-Cii-1; ii<mid; i 

K[ii]-B[tilr- 

x[ii+mid+l]-d[iil? 
} ' 

d [raid] = ( d [mid] -a [mid] ) <<1 ; 

s [raid] -a [mid] + ( Id [mid-1 ] +d [mid] ) »3 ) . 

x[0 1»s[0] f 
x[ia±d+l]=d[0] ; 
x[m±d]=s [mid] ; 
x[2*mid+l]= d[mid]; 

> 

for (±=0;i<nt;i++) I 
x - &int_data[i] ; 
roid^(nt»l) -1; 

s[03 * x[0); 
d[0] x[64] ; 
s[13 - x[128]; 
s[mid] - x[128*mid]; 
d[m±d] - x[l28*mid +64]; 

d[03=(d[0]«l)-sLO]-s [1]; 
s[O3=s[03 + (d[0]>>2); 

d_tmp0 = d[0] ; 
sJzmpO = s [l] ; • 

^^L^^U^ - S -tmp0 - ,[123 MU«ni 
at ill- s_tm P 0 + ((d_tra P 0 + d^tmpl)»3); 
d__tmpO * d[ii] ; 
s__tmp0 = s[ii] ; 

forCii-i? ii<nvid; ii++) t 
3c[ii*64]-stii] ; 
x[ (ii+mid+l)*64]-d[i-i]; 

HrTni_d1 = (d[mid]«l) -(s[mid]«D; 

■ [S3] =s?iid] I ( tdtmid-l] + d[mid] ) »3) ; 

x[01«s[01; 

x[(«i±d+l)*64]-d[0]; 

x[mi_d*64]«s[mid] ; 

X [ (2*mid+l)*64]-d[mid] r 

) 

Ate, loop p=«Un s .he on., oh»g e on «. P»>— » — l«*h. Th« become 
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~ Value 


Vector lengui 


mid-2 




- 


I/O IK/Vivis 


6 


ALU 


.2 


BREG . 


0 


FREG 


2 


Data flow graph widtli 


2 


Data flow graph heigtit 


6 


Configuration cycles 


6+(mid-2) 




Parameter 


Value 


Vector length . 


mid-2 


Reused data set size _ 




I/O IRAMs 


6 


ALU 


0 


BREG 


0 


FREG 


f 0 


Data flow graph width 


2 


Data flow graph height 


1 


Configuration cycles , 


T mid-2 



following loop nest. 

for (nt=64;nt>= 16;nt»=l) < - f 
for (i=0;i<nt*64 /* *mp_nt */ ; i+=64 ) { 

x = &int_data[i] ; 
m±d-(nt»l)-l; 

s[0] - x[0] ; 

d[0] = x[13 ; 

s[l] = x[2] ; 

s [mid] - x[2+mid] ; 

d[mid] - x[2*mid-t-l] ; 

d[0] = (dtO]«D-s C 0]-s[I] ; 
s[0]-a[01 + (d[0]»2) ; 

d_tmp0 - d[0] ; 
s tmpO - s[i]; 
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for{ii-l; d.i<mid; ii++) { r „. U91 . 
d[ii] - ( (x[2*ii+l])«D - s_tmpO - x[2*xi+2j, 
s[ii] - £3_tmp0+( (d_tmpO +d[i-±])»3); 
d_tmpO - d[ii] ; 
s_tmpO = s [ii] ; 
x[ii]- 53 s[±i] ; 
x[ii+mid-*-l] - d[ii]; 

d [mid] = (d [mid] -s [mid] ) «1 ; 

s [mid] -s [mid] + ({d [mid-1] +d [mid] )»3) ; 

x[0]-s[0] ; 
x[mid-fl]=d CO] ; 
x[mid] =s [mid] ; 
x[2*mid+l]=* d[mid]; 

} 

for (i«0;i<nt;i++) { 

* x = &int_data'[i] ; 
mid-(nt»l) -1; 

s[0] - x[03 ; 
d[0] = k[64] ; 
s[l] = x[128] ; 
s[mid] = x C128*mid] ; 
d[mid] - x[128*mi'd + 64]; 

d[0] = (d[0]«X)-s[0]-s[l] ; 
s[0]=s[0]+ Cd[0]»2) ; 

d_tmp0 = d\C0] ; 
s_tmp0 = s[l]; 

for(ii-l; i-i<mid; ii++) { nOB , MUin , 
d[ii] =(5c[128*ii+64]«l) - s_fcmp0 - x [128* (ii+1 ) 1 . 
s[ii]« s_tmpO+( (d__tmp0 + d[iil)»3); 
d_tmp0 - d[ii] ; 
s_tmp0 - s[ii] ; 
x[ii*64]— s[ii] ; 
x[ {ii+mici+l)*64]=d[ii] ; 

d[mid] = (d[mid]«l) - (s [mid] «1 ) <; 

s [mid] -a [mi-d] + ( (d [mid-1] +d[mid] ) »3) ; 

x[O]»s[0]; 

x[.(mid+l)*64]=d[0] ; 
x[mid*64]=s [mid] ; 
x[(2*mid+l) *64]=d[mid] ; 



After loop fusion, we only have two loops, that have the same parameter table. 
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Parameter 


Vain* 


Vector length 


mid-2 


Reused aaia set j>i^g 


- 


I/O IRAMs _ 


8 
6 


ALU 
BREG 


0 


FREG 


2 


Data flow graph width 


F 2 


Data flow graph height 


6 


Configuration cycles 


6+0riiol-2) 



When performing .alue range analysis, the compile. <^£2££<5 J jj£*»£j 
16. The upper bouxrd of the inner loops ^'^^Z^^^ be handled more 
then that mid cm take the vah.es: 31, 15 and t ?-^^l^sZn be letter optimized if mid is re- 

Lit sMi^Sf^^ — ^^5^ «-*« - - 

loop nests. 

for (i=0;:L<4096;i+=64> { /* nt-64 */ 



x ~ &int_data[i] ; 
mid-31; ' 

s[0] = kl[0] ; 
d[0] - 

s[l] - x[2J; 
s[31] = x[61] ; 
d[31] « x[63] ; 

d[0] = (dC 0]«D-s[0]-s[l]; 
s[0]-s[Q] + {d[0]»2); 

d_tmp0 = d[0'3 ; 
s_t-mp0 <= -s [1] ; 

for(ii=L; ii<31; ii++) { v rs>*ii+21- 
d[ii] =.((x[2*ii+13)«D - Xt2 ii+21r 

s[ii]= S _tmpO+((dJ:mpO + d C nn »3) , 

d_tmpC> = d[ii] r 
s_tmpO = s [ii] ; 
x[ii]=s[ii3 ; 
x[ii+32]=d[ii] ; 

d[31] = (ci[31]-sC31])«l; 
s[31]-sC31.] + ((d[30]+d[3U)»3); 
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x[0]=s [0] ; 
x[32]=d[03; 
x[31]«s[31] ; 
x(63]=*d[31] ; 



for (i=-Q;i<64/i++) { 

x » &i_nt_data [i] ; 
mid=3X; 

s[0] - x[0]; 
d[0] — x[64] ; 
s[l] = x[128]; 
s[31] = x[3968]; 
d[31] ,= x[4032]; 

d[b]=(d[0]«l)-s[0]-s[l] 7 
s[0]=s [0] + (d[0]»2) ; 

d_tmpO » d[0] ; 
s_tmpQ = s[l]; 

for(id_=l; ii<31; ii++) { 

d[ii] = (x[128*ii+64j«l) - s_tmp0 - x[128* (i.i+1) ] ; 

s[id_]= s_tmp0+( (d_tmpO- + d[ii])»3); 

d_tiap0 » d[ii]; 

s_tiapO = s [ii] ; 

x[ii*64]-s[ii]; 

x[(i±+32)*64]=d[ii]; 

} 

d[31]=~ (d[31]«l) -(s[31]«l); 
s[31]=s[31] + ( (d[30]+d[31] )»3) ; 

x[0]=s [0] ; 
x(2048 ]=d[0] ; 
x[1984 ]=s[31] ; 
x[4032 ]=d[31] ; 



for (i-0 ,-i<2048;i+=64) { /* nt - 32 */ 

x = &±nt_data[i] ; 
mid=15 7 

s[0] - x[0J; 
d[0] - x[l]; 
s[l] - x[2]; 
s[15] = x[30]; 
d[15] = x[31]; 

d[0]=(<d[O3«l)-s[G]-s[l] 7 
s[0]=s [0] + (d[0]»2) ;. 

d_tmpO = d[0.] ; 
s_tmpO = s[l]; 
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for(ii=l; ii<15; ii++ ) { 

»( (x[2*ii+13 ) «1) - s_tmpO - x[2*±_i+2] ; 
s[ii] = s_tmpO+( (d_tmpO + d[ii])»3); 
d_tmpO - d[ii] ; 
s__tmpO = s [ii] / 
x[±i]=s[ii] ; 
2c[ii+16]=d[i'i] ; 

} 

d[ 15]-(d[15]-s[15])«a; . 
) s [ 15]-s[15]+< (d[14J+d [15] )»3) ; 

x[O]=s[0] ; 
x[16]«d[0] ; 
x[ 15J=s.[15] ; 
x[31]» d[15]; 



for <i=*0;i<32;i++) { 

x = &int_data [i] ; 
mici-15; 

s[0] - x[0]; 
d[OJ = x[64] ; 
s[l] - x[128]; 
s[15] = x[1920]; 
d[15] - x[1984]; 

d[O] = (d[0]«l)-s[0J-s £1] 7 
s[O]-s[0] + (d[0]»2); 

d__tmp0 = d[0] ; 
s_tmpO = s [1] ; 

forr(ii=l; ii<15; ii++) { 

ci[ii] = (x[128*ii+64] «1) - s_tmpO - x [12 S* (ii+1) ] ; 
s [ii] = s_tmp0+( (d_tmp0 + d[ii])»3); 
ci_tmp0 = d[ii] ; 
s__tmp0 = s [ii] ; 

[ii*64] =s [ii] ; 
xl[ (ii+16) *64]=d[ii] ; 

} - 

d[15.]-(d[15]<<l) -(s[X53«l); 
s[15]=s[15] + ( (d[14]+d[ 15J ) »3) ; 

x[O]-s[0] ; 
x[1.024]«d[0] ; 
x[960]«s[15] ; 
x[1984]=d[15] ; 

} 

for (i=0;i<1024;i+=64) { /* nt ■ 16 */ 

x — &int_data[i] ; 
mici=7; 

s[0] - x[0]; 

d[0] - x[l]; 

s[l_] - x[2]; 

s[7] - x[14]; 

d[7] - x[15]; 
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d[0]«(d[0i«l)-s[O]-s[l] ; 
s[0]=s[0] + (d[0]»2) ; 

d_tmpO - d[0] ; 
s_tmpO - s [1] ; 



d__tmpO « d[ii] ; 
s_tmpO = s [ii] } 

x[ii]=sti±3; 
x[ii+8]=d[ii]; 

d[7]-(d[7]-s[7])<<l; 
s[7]-s[7] + { (d[6]+ci[7] )»3); 

x[0]=s[0] ; 
x[8]=d[0] ; 
x[7]-s[7] ; 
x[15]= d[7] ; 

} 

four (i-0;i<16;i++) I 

x - &int_data[i] ; 
imid=7; 

s[0] = x[0] ; 
d[0] = x[64] ; 

= x[128] ; 
s[7] - x[8963 ; 
«d[7] - x[960] ; 

ci[0] = (d[0]«l)-s[O]-s[l] ; 
s [0]=s[0] + (d[0]»2) ; 

dL_tmpO = d[0] ; 
s_tmpO s [1] ; 



B*idL"+64]<<l) - s_tmpO - =x [128* (ii+D ] ; 



s[ii]= s_tmpO+ ( ( d_tmpO + d[ii])»3); 
d_tmpO = d[ii] ; 
s_tmpO « s [ii] ; 
x[ii*64]=s[ii]; 
x[(ii+8)*64T=d[i_i] ; 

<d[7] = (d[7]«l) -<s[7]«l); 
s[7]«s[7] + ((d[6]+ci[7])»3); 

x[OJ=s[0]; 
x[512]-d[0] ; 
x[448]-s[7] ; 
x[960]-d[7]; 




In the parameter 
loops. To deduce 
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Parameter 


Value 




30 


PaiiQAH Hfltp* set size 


- 


I/O IRAMs 


8 


ALU 


6 


BREG 


0 


FREG 


2 


Data flow graph width 


2 


Data flow graph height 


6 


Configuration cycles 


6+30-3S 



5.6.3 Optimizing the Inner Loops 

The efforts are then concentrated on the six inner loops. In fact, if we look at them, they all need 2 
M ££ £o£i * 2 more data are needed for the first iteration. Hence we .need at most S 
mAMs for Ae iteration and 6 for the otrxers. Tnis means that we can unroll the loops twice, 
Se^ng U iSSStte, o"e iteration of the new loop bodies. Below we P re S ent on.y the unrolled mner- 
loops for commodity reasons. 

First loop: 

for(ii=l; ii<31; ii=ii+2) { 

d[ii] =((x[2*iJ.+l])«D - s_tmp0 - x[2*xx+2]; 
s[ii] = s_tmpO-+-( (d_tmp0 + d[ii])>.>3); 
d_tmp0 - d[ii] 
s_tn\pO = s[ii] J 
x[xi+l] r s[ii] ; 

x[xi+33]=d[ii] j ' w ro*MUiu?l- 

d[ii+l] -((x[2*(ii+D+l])«D - s_tmpO - x[2*(xi+l)+2 ], 

s[ii+l] - sJimpOM (d_tmp0 + d[ii+3.])»3); 

d_tmpO = d[ii+i] ! 

s_tmp0 - stii+H] ; 

xtxi+l] - s[ii+l]; 

x[ii+33] « d[xJ_+l] ; 

} 

Second loop: 

for(ii=l; ix<31; ±i=ii+2) { MWMUin . 
d[i±] - (x[128~xx+64]«l) - sJaapO - x [128* (ix+1) 3 , . 
s[ii] = s_tmpO-H ( (d_tmpO + d[ii])»3); 
d_tmpO = dtii] ? 
s_tmp0 = s[ii] ? 
x[ii*64] » s(ii] ; 

x[ (ii+32)*64] « d[ii] ; n0fl , Munl . 
d[ix+l] -(x[12B*{ii+l)+64]«l) - s_tm P 0 - x[128*(xi>2 ) ] , 
s[ii+l] - s_tmED0+( (d_tm P 0 + d[ii+H)»3); 
d_tmp0 » d[ii+X] ; 
s_tmp0 = s[ii+X] ; 
x[<xx+l)*64] - s[ix+l]; 
' x[ (ii+33)*64] « d[ix+l] ? 

} 
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Third loop: 

for(ii=l; ii<15; ii=ii+2) { 

d[ii] = { (x [2*ii+l] )«1) - sJiapO - x[2*ii+23; 

sCii] - s_tmp0+( (d_tmp0 +. d[ii] ) »3) ; 

d_tmp0 a d[ ii} ; 

s_tmpO = s [ iij ; 

x[ii] - s [i±] ; 

x[ii+16] - d[ii]; 

dCii+1] - ( (x[2* (ii+l)+13 )«D - s_tmp0 - x [2+ ) +2] ; 

s[ii+l] = s__tmp0+ ( (d_tmpO + d[ii+l])»3); 

d_tmp0 - d[ii+l] ; 

s_tmp0 « s [ ; 

x[ii+l] - s-[ii+l]; 

x[ii+17] - d[ii+i; 

} 

Fourth loop: 

for(i±-l; ii<15 ; ii=ii+2) { 

d[ii] - (x[ 128*ii+643 «l) - s_trtipO - x [128* 3 ; 

s [ii] - s_tznp0+( (d_tmp0 + d[ii] ) »3) ; 
d_tmp0 - d[ ii] ; 
s_tmp0 = s [ ii] ; 
. x[ii*64] = s[ii] ; 

x[ (ii+16)*64] = d[ii]; 

d[ii+l] - ( x[128* (ii+l)+64]<<l) - s_tmp0 - x [128* (i.i+2 ) ] ; 

s[ii] = s_bmp0+ ( (d_tmp0 + d[ii+L ] ) »3) ; 

d_tmp0 = d[ ii+1] ; 

s_tmp0 - s C ii+1] ; 

x[ (ii+l)*64 ] - s [ii+1] ; 

x[(ii+17)*64] - d[ii+13; 

} 

Fifth loop: 

for(ii=l; ii<7; ii=ii+2) { . 

d[ii] = ( (ac [2*ii+l] )«1) - sJmpO - x[2*ii+2]; 

s[ii] = s_fcmp0+( (d_tmp0 + d[ii] ) »3) ; 

d_tmp0 = d [ ii] ; 

s_tmp0 = s Cii] ; 

x[ii] = s[ii]-; 

x[ii+8] - d[ii]; 

dtii+13 - ( (x[2*(i'i+l)+13 )«D — s_tmp0 - x [2* (ii + X ) +2] ; 

s[ii+l] = s_tmp0+( (d^tmpO + d[ii.+l] ) »3) ; 

d_tmpO-» d Cii+13 ; 

s_ tmpO = s Cii+1] /. 

x[ii+l] = s[ii+13; 

x[ii+9] - d[ii+l]; 

} 



WO 2004/015568 



136 
Case Studies 



PCT/EP2003/008080 



Sixth loop: 

for(±i-l; d.i<7; ii=ii+2) { 

d[ii] — (x[128*ii+64]«l) - s_tmpO - x [128* <ii+ 1) ] ; 

s[ii] s_tmp0+( (d_tmp0 + d[ii])»3); 

d_tmpO = d[ii] ; 

s_tmpO = s [ii] ; 

x[ii*64] - s[ii); 

x[(ii+8)*64] = d[ii] ; 

dtii+1] - (x[128*(ii+l)+64 J«l) - s_tmp0 x[12 S* (ii+2) ] ; 

s[ii] — s_tmp0+ ( (d_tmpO + d [ii+l] ) »3 ) ; 

d_tmp0 = d[ii+l] ; 

s__tmpO - s [ii+1] ; 

x[{ii+l)*64] = 3 [ii+1]; 

x[<ii+9 )*643 = d[ii+l]; 

} 

We obtain the following dataflow graph of these loop bodies after a step of tree balancing bias been 
performed. We represent here only the graph corresponding to the first loop. To obtain the graphs for 
the other loops, only the input and output data need to be changed* 
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dO+1) 









Each input and output data will occupy an IKAM. dO and sO will be the only values in their IRAM 
enablS^L merge operations to select between dO, resp. sO at the first tattoo and the* feedback 
values for the other iterations. Once the pipeline is filled, 8 values can be output m acycte^ corre- 
sponding to 4 values for array*. The same configuration is used for all loops; only the d-ata in the 
IRAMs aiffer. We give now result tables only for the 2 first loops. The other tables are the same. 

For the first two loops we obtain the following table, and the expected speedup with respect to a stan- 
dard superscalar processor with 2 instructions issued per cycle is 1 5.3. 
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Parameter 


Value 


Vector length 


30 


Reused data set size 


m 


I/O IRAMs 


14 


ALU 


12 


BREG 


0 


FREG 


2 


Data flow graph width 


2 


Data flow graph height 


10 


Configuration cycles . 


10+15=25 




Ops 


Number 


LD/ST (2 cycles) 


14 


ADDRCOMP(l cycle) 


2 


ADD/SUB (1 cycle) . 


.17 


MUL (2 cycles) 


0 


SHIFT (1 cycle) 


4 


Cycles per iteration 


51 


Cycles needed for the loop (2-way) 


(51*15)72-383 
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The limitations of conventional processors are 
becoming more and more evident The grow- 
ing importance of stream-based applications 
makes coarse-grain dynamically reconfigu- 
rable architectures an attractive alternative [3], 
[4], [6], [7]. They combine the performance of 
ASICs,' which are very risky and expensive 
(development and mask costs), with the flexi- 
bility of traditional processors [5]. 
In spite of the possibilities we have today in 
VLSI development, the basic concepts of mi- 
croprocessor architectures are the same as 20 
years ago. The main processing unit of modern 
conventional microprocessors, the datapath, in 
its actual structure follows the same style 
guidelines as its predecessors. Although the 
development of pipelined architectures or su- 
perscalar concepts in. combination with data 
and instruction caches increases the perform- 
ance of a modern microprocessor and allows 
higher frequency rates, the main concept of a 
static datapath remains. Therefore, each opera- 
tion is a composition of basic instructions that 
the used processor o^wns. The benefit of the 
processor concept lays in the ability of execut- 
ing strong control dominant application. Data 
or stream oriented applications are not well 
suited for this environment. The sequential 
instruction execution isn't the right target for 
that kind: of applications and needs high band- 
width because of permanent retransmitting of 
instruction/data from and to memory. This 
handicap is often eased by using of caches in 
various stages! A sequential interconnection of 
filters, which do the according data manipulat- 
ing without writing back the intermediate re- 
sults would get the right optimisation and re- 
duction of bandwidth. Practically, this kind of 
chain of filters should be constructed in a logi- 
cal way and configured during runtime. Exist- 
ing approach-to extend instruction sets use 
static modules, not modifiable during runtime. 
Customized microprocessors or ASICs are 
optimized for one special application environ- 
ment. It is nearly impossible to use the same 
microprocessor core for another application 
without loosing the performance gain of this 
architecture. 



A new approach of a flexible and high per- 
formance datapath concept is needed, which 
allows to reconfigure the functionality and 
make this core maLnly application independent 
without losing the; performance needed for 
stream-based applications. 
This contribution introduces a new concept oF 
loosely coupled implementation of the dynamic 
reconfigurable XPP architecture from PACT 
Corp. into a static datapath of the SPARC com- 
patible LEON processor. Thus, this approach es 
different from those^ where the XPP operates as 
a completely separate (master) component 
within one Configurable System-on-Chip 
(CsoC), together with a processor core, 
global/local memory topologies and efficient 
multi-layer Amba-fc>us interfaces [11]. Here, 
from the programmers point of view the ex- 
tended and adapted datapath seems like a dy- 
namic configurable instruction set. It can be 
customized for a specific application and accel- 
erate the execution enormously. Therefore, the 
programmer has to create a number of configu- 
rations, which can \>e uploaded to the XPP- 
Array at run time, e.g. this configuration can be 
used like a filter to calculate stream-oriented 
data. It is also possible, to configure more than 
one function in the same time and use them 
simultaneously. This concept promises an 
enormously performance boost and the needed 
flexibility and power reduction to perform a 
series of applications very effective. 

6.2 1. LEON RISC Mi- 
croprocessor 

For implementation of this concept we chose 
the 32-bit SPARC VS compatible microproces- 
sor [I] [2], LEON. This microprocessor is a 
synthesisable, free available VHDL model 
which has a load/stoxe architecture and has a 
five stages pipeline implementation with seper- 
ated instruction and data caches. 
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As shown in Figure 66 the LEON is provided 
with a full implementation of AMBA 2.0 AHBB 
and APB on-chip bus, a hardware multipli-er 
and devider, programmable 8/16/32-bit mem- 
ory controller for external PROM, static RAIVI 
and SDRAM and several on-chip peripherals 
such as timers, UAJRTs, interrupt controller and 
a 16-bit I/O port. A simple power down mode 
is implemented as well. 



8/16/32-blt memory bus 



Figure 66: LEON Architecture Overview 



LEON is developed by the European Space 
Agency (ESA) for future space missions. Tine 
performance of LEON is close to an ARV39 
series but don't have a memory management 
unit (MMU) implementation, which limits tlie 
use to single memory space applications. 3n 
Figure 67 the datapath of the LEON integer 
unit is shown. 
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Figure 67: LEON' Pipelined Datapath Structure 
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2. extreme Processing Platform - XPP 
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The XPP architecture [6], [7], [8] is based on a 
hierarchical array of coarse-grain, adaptive 
computing elements called Processing Array 
Elements (P/£Es) and a packet-oriented com- 
munication network. The strength of tlie XPP 
technology originates from the combination of 
array processing with unique, powerfful run- 
time reconfiguration mechanisms. Sinoe con- 
figuration control is distributed over a Configu- 
ration Manager (CM) embedded in the array, 
PAEs can be configured rapidly in parallel 
while neighboring PAEs are processing data. 
Entire applications can be configured and run 
independently on different parts of the array. 
Reconfiguration is triggered externally or even 
by special ev^nt signals originating within the 
array, enablirmg self-reconfiguring designs. By 
utilizing protocols implemented in hardware, 
data and eveoit packets are used to process, 
generate, decompose and merge streams of 
data. 

The XPP ha.s some similarities witti other 
coarse-grain ^configurable architectures like 
the Kress Arrary [3] or Raw Machines [4] - which 
are specifically designed for stream-based ap- 
plications. XIPP's main distinguishing features 
are its automatic packet-handling mechanisms 
and its sophisticated hierarchical configuration 
protocols for mmtime- and self-reconfigixration. 

6.2.1 2.1 Array Structure 

A CM consists of a state machine and internal 
RAM for configuration caching, ThePACJ itself 
(see top right- Jiand side of Figure 69) contains a 
configuration bus which connects the C^I with 
PAEs and oth_er configurable objects. Horizon- 
tal busses carry data and events. They can be 
segmented by configurable switch-objects, and 
connected to PAEs and special I/O objects at 
the periphery of the device. 
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A PAE is a collection of PAE objects. The 
typical PAE shown in Figure 69 (bottom) con- 
tains a BREG object (back registers) and an 
FREG object (forward registers) which are used 
for vertical routing, as well as an AXU object 
which performs the actual computations. The 
ALU performs common fixed-point arithmeti- 
cal and logical operations as well as several 
special threeinput opcodes like multiply-add, 
sort, and counters. Events generated by ALU 
objects depend on ALU results or exceptions, 
very similar to the state flags of a classical mi- 
croprocessor. A counter, e.g., generates a spe- 
cial event only after it has terminated. The next 
section explains how these events . are used. 
Another PAE object implemented in the XPP is 
a memory object which can be used in FIFO 
mode or as RAM for lookup tables, intermedi- 
ate results etc. However, any PAE obyect func- 
tionality can be included in the XPP architec- 
ture. 



PAE objects as defined above communicates 
via a pa_cket-oriented network. Two types of 
packets are sent through the arrayr data packets 
and evea-t packets. Data packets have a uniform 
bit width, specific to the device type. In normal 
operation mode, PAE objects are* selfsynchro- 
nizing. Aji operation is performed as soon as all 
necessary data input packets are available. The 
results aire forwarded as soon as they are avail- 
able, provided the previous resuLts have been 
consume*!. Thus it is possible to map a signal- 
flow graph directly to ALU objects. Event 
packets are one bit wide. They transmit state 
information which controls ALU execution and 
packet generation. 



6.2.4 2.3 Configuration 



Figvire 69: Structure of art XPP d&vice 



6.2.2 

6.2.3 22 Packet Handling and 
Synchronization 



Every PAE stores locally its current configura- 
tion state> 9 i.e. if it is part of a configuration or 
not (state-s ,,configured w or ,/ree"). Once a PAE 
is configured, it changes its state to config- 
ured". Tlfiis prevents the CM frdnn reconfigur- 
ing a PAE which is still used by another appli- 
cation. Tlie CM caches the configuration data 
in its internal RAM until the required PAEs 
become available. 
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While loading a configuration.,, all PAEs start to 
compute their part of the application as soon as 
they are in state ^configured". Partially config- 
ured applications are able to process data with- 
out loss of packets. This concurrency of con- 
figuration and computation hides configuration 
latency. 

6.2.5 2.4 XPP Application Map- 
ping 

The Native Mapping Language (NML), a 
PACT proprietary structural language with 
reconfiguraton primitives, was developed by 
PACT to map applications to the XPP array. It 
gives the programmer direct access to all hard- 
ware features. 

In l^JML, configurations consist of modules 
which are specified, as in a structural hardware 
description language, similar to, for instance, 
structural VHDL, PAE objects are explicitly 
allocated, optionally placed, and their connec- 
tions specified. Hierarchical modules allow 
component reuse, especially for repetitive lay- 
outs. Additionally, NML includes statements to 
support configuration handling. A complete 
NML application program consists of one or 
more modules, a sequence of initially config- 
ured modules, differential clxanges, and state- 
ments which map event signals to configuration 
and prefetch requests. Thus configuration han- 
dling is an explicit part of the application pro- 
gram. 

A complete XPP Development Suite (XDS) is 
available from PACT. For more details on 
XPP-based architectures and development tools 
see [6]. 



The system is designed to offer a maximum of 
performance. LEON and ZXPP should be able to 
communicate with each other in a simple and 
htigh performance mannex\ While the XPP is a 
dataflow orientated device, the LEON is a gen- 
eral purpose processor, suitable for handling 
control flow [1], [2], Therefore, LEON is used 
for system control. To do* this, the XPP is inte- 
grated into the datapath of the LEON integer 
unit, which is able to control the XPP. 




6.3 3. LEON Instruction 
Datapath Extension 
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Figure 71: Extended Datapath Overview 




Due to unpredictable operation time of the XPP 
algorithm, integration of IXPP into LEON data- 
path is done in a loosely-coupled way (Figure 
71). Thus the XPP array can operate independ- 
ent from the LEON, which is able to control 
and reconfigure the XPP during runtime. Since 
the configuration of XPP is handled by LEON, 
the CM of the XPP is unnecessary and can be 
left out of the XPP array. The configuration 
codes are stored in the JLEON RAM. LEON 
transfers the needed configuration from its 
system RAM into the XPP and creates the 
needed algorithm on the array. 
To enable a maximum of independence of XPP 
from LEON, all ports of the XPP - input ports as 
well as output ports - are buffered using dual clock 
FIFOs. Dual-clocked FIFOs are implemented into 
the IO-Ports between LEONT and XPP. To transmit 
data to the extended XPP-t>ased datapath the data 
are passed through an IO-Port as shown in Figure 5. 
In addition to the FIFO the IO-Ports contain logic to 
generate handshake signals and an interrupt request 
signal. The IO-Port for receiving data from XPP is 
similar to Figure 5 except that the reversed direction 
of the data signals. This enables that XPP can work 
completely independent from LEON as long as there 
are input data available in the input port FIFOs and 
free space for result data in the output port FIFOs. 
There are a number of additionally features imple- 
mented in the LEON pipeline to control the data 
transfer between LEON and XPP. 



When LEON tries to write to an IO-Port con- 
taining a full FIFO or read from an IO-Port 
containing an empty FEFO a trap is generated. 
This trap can be handled through a trap han- 
dler. There is a further mechanism - pipeline- 
holding - implemented, -to allow LEON holding 
the pipeline and wait for free FIFO space dur- 
ing XPP write access respectively wait for a 
valid FIFO value during XPP read access. 
When using pipeline-holding the software de- 
veloper has to avoid reading from an IO-Port 
with empty FIFO whiles the XPP, respectively 
the XPP input IO-Ports, contains no data to 
produce outputs. In this case a deadlock will 
occur and the complete system has to be re- 
seted. 

XPP can generate interrupts for the LEON 
when trying to read a value from an empty 
FIFO port or to write a value to a full FIFO 
port. The occurrence of interrupts indicates, 
that the XPP array cannot process the next step 
because it has either no input values or it can- 
not output the result val^ie. The interrupts gen- 
erated by the XPP are maskable. 
The interface provides information about the 
FIFOs. LEON can read the number of valid 
values the FIFO contains . 



Figure 72: LEON-to-XPP* dual-clock FIFO 
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The interface to the XPP appears to the LEONT 
as a set of special registers. (Figure 6). These? 
XPP registers can be categorized in communi- 
cation registers and status registers. 



There are a number of XPP status register im- 
plemented to contrc* 1 the behavior and get status 
information of the interface. Switching between 
the usage of trap handling and pipeline holdcxig 




Figure 71: Extended LEON Instruction Pipeline 



For data exchange the XPP communication 
registers are used. Since XiPP provides three 
different types of communication ports, there 
are also three types of communication registes, 
whereas every type is splitted into an input part 
and an output part: 

The data for the process are accessed through 
XPP data registers. The number of data input 
and data output ports as well as the . data bit- 
width depends on the implemented XPP array. 
XPP can generate and consume events. Events 
are one bit signals: The number of input events 
and output events depends on the implemented 
XPP array again. 

Configuration of the XPP is done through the 
XPP configuration register. LEON reads the 
required configuration value from a file — 
stored in his system RAM - and writes it to the 
XPP configuration register. 
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can be done in the hold register. A XPP clock 
register contains a clock frequency ratio be- 
tween LEON and XPP. By writing this register 
LEON software can set the XPP clock relative 
to LEON clock. This allows to adapt the ZXPP 
clock frequency to the required XPP perform- 
ance and consequently to influence the power 
consumption of the system. Writing zero to the 
XPP clock register turns off the XPP. At . last 
there is a status register for every FIFO con- 
taining the number of valid values actually 
available in the FIPO. 

This status registers provides a maximum of 
felxibility in communication between LEON 
and XPP and enafcles different communication 
modes: 

If there is only one application running 
on the system, at the time, software may be 
developed in pipeline-hold mode. Here 
LEON initiates data^ead-or-write-frora. re- 
spectively to IXPP. If there is no value to 
read respectively no value to write, LEON 
pipeline will be stopped until read or write 
is possible. This can be used to reduce 
power consumption of the LEON part. 

In interrupt mode, XPP can influence 
the LEON program flow. Thus, the IO- 
Ports generates an interrupt depending on 
the actual number of values available in the 
FIFO. The communication between LEON 
and XPP as done in interrupt service rou- 
tines. 



Polling mode is the classical w^y to 
access the >^PP. Initiated by a timer- event 
LEON reads all XPP ports containing data 
and writes sail XPP ports containing free 
FIFO space. Between these phases I^EON 
can computes other calculations. 
It is anytime possible to switch between this 
strategies within one application. 
The XPP is delivered containing a configura- 
tion manager to* handle configuration an*d re- 
configuration of" the array. In this concept the 
configuration manager is dispensable because 
the configuration as well as any reconfiguration 
is controlled by- the LEON through the XPP 
configuration register. All XPP configurautions 
used for an application are stored in the 
LEON's system HAM. 

6.4 4. Tool and Com- 
piler Integration 
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The LEON's SPARC 8 instruction set [1] was 
extended by a new subset of instructions to 
make the new XPP registers accessable through 
software. These instructions are based in the 
SPARC instruction format but they are not 
conform to the SPARC~V8"~stahdard. Corre- 
sponding to the SPARC conventions of a 
load/store Architecture the instruction subset 



can be spirited in two general types. Load/store 
instructions can exchange data between the 
LEON memory and the XPP communication 
registers. The number of cycles per* instruction 
are similar* to the standard load/store instruc- 
tions of the LEON. Read/write instructions are 
used for communications between LEON reg- 
isters. Since the LEON register-set is extended 
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by the XPP registers the read/write instructions 
are extended also to access XPP registers. 
Status registers can only be accessed with 
read/write instructions. Execution of arithmetic 
instructions on XPP registers is not possible. 
Values have to be written to standard LEON 
registers before they can be target of arithmetic 
operations. 

Tlie complete system can still operate any 
SPARC V8 compatiple code. Doing this, the 
XPP is completely unused. 

The LEON is provided with the LECCS cross 
compiler system [9] standing under the terms of 
LGPL. This system consists of modified ver- 
sions of the binutils 2.11 and gcc 2.95.2. To 
make the new instruction subset available to 
software developers, the assembler of the binu-. 
tils has been extended by a number of instruct 
tions according to the implemented instruction 
subset. The new instructions have the same 
mnemonic as the regular SPARC V8 load, 
store, read and write instructions. Only the new 
XPP registers have to be used as source respec- 
tively target operand. Since the modifications 
of LECCS are straightforward e>ctensions, the 
cross compiler system is backward compatible 
to the original version. The availability of the 
source code of LECCS has allowed to extend 
the tools by the new XPP operations in the 
described way. 



The development of the XPP algorithms have 
to be done with separate tools, provided by 
PACT Corp. 

6.5 5. Application Re- 
sults 

As a first analysis application a inverse DCT 
applied to 8x8 pixel block was implemented. 
For aJl simulations we used Z50 MHz clock 
frequency for LEON processor" and 50 MHZ 
clock frequency for XPP. The usage of XPP 
accelerates the computation of titae IDCT about 
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Figure 73 MPEG-4 Decocter Blockdiagram 



factor four, depending on the communication 
mode. However XPP has to be configured be- 
fore computing the IDCT on it. Table I also 
shows the configuration time for this algorithm. 
As shown in 




0 ' 100 200 300 400 CM (500 TOO flOO 300 1000 
IDCT(ax5)-81octo 



Figure 74, the benefit brought by XPP rises 
with the number of IDCT blocks computed by 
it before reconfiguration, so the number of re- 
configurations during complex algorithms 
should be minimised. 



A first complex application* implemented on the 
system is MPEG-4 decodiog. The optimization 
of the algorithm partitioning on LEON and 
XPP is still under construction. In Figure 8 the 
blockdiagram of the MPE.G-4 decoding algo- 
rithm is shown. Frames with 320 x 240 pixel 
was decoded. LEON by usLng SPARC V8 stan- 
dard instructions^ decodes one frame in 23,46 
seconds. In a first implementation of MPEG-4 
uising the XPP, only the IDCT is computed by 
XPP, the rest of the MPEG^4 decoding is still 
done with LEON. Now, with the help of XPP, 
one frame is decoded in 1^,98 s. This is a per- 
formance boost of more tlien twenty percent. 
Since the XPP performance gain by accelerat- 
ing the iDCT algorithm only is very low in the 
moment, we work on XPP implementations of 
Hfuf&nann-decoding, dequantisation and pre- 
diction-decoding. So the performance boost of 
ttiis concept against the standalone LEON will 
be increased. 



6.6 6. Conclusion 
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Today, the instruction datapaths of modern 
microprocessors reach, their limits by using 
static instruction sets, driven by the traditional 
von Neumann or Harvard architectural princi- 
ples. A way out of these limitations is a dy- 
namic reconflgurable processor datapath exten- 
sion achieved by integrating traditional static 
datapaths with the coarse-grain dynamic recon- 
flgurable XPP-architecture (eXtreme Process- 
ing Platform). Therefore, a loosely asynchro- 
nous coupling mechanism of the given instruc- 
tion datapath has been developed and integrated 
onto a CMOS 0.13 um standard cell technology 
from UMC. Here, the SPARC compatible 
LEON RISC processor is used, whereas its 
static pipelined instruction datapath has been 
extended to be configured and personalized for 
specific applications. This compiler-compatible 
instruction set extension allows, a various and 
efficient use, e.g. in streaming application do- 
mains like MPEG-4, digital filters, mobile 
communication modulation, etc. The intro- 
duced coupling technique by flexible dual- 
clock FIFO interfaces allows asynchronous 
concurrency and adapting the frequency of the 
configured XPP datapath dependent on actual 
performance requirements, e.g. for avoiding 
unneeded cycles and reducing power consump- 
tion. 



As represented above, the introduced concept 
combines the flexibility of a general purpose 
microprocesser with*, the performance and 
power consumption of coarse-grain reconflgu- 
rable datapath structures, nearly comparable to 
ASIC performance. Here, two programming 
and computing paradigms (control-driven von 
Neumann and transport-triggered XPP) are 
unified within one hybrid architecture with the 
option of two clock . domains. The ability to 
reconfigure the transport-triggered XPP makes 
the system independent from standards or spe- 
cific applications. Th.is concept opens potenial 
to develop multi-standard communication de- 
vices like software radios by using one ex- 
tended processor architecture with adapted 
programming and compilation tools. Thus, new 
standards can be easily implemented through 
software updates. The? system is scalable during 
design time through tfcie scalable array-structure 
of the used XPP extension. This extends the 
range of suitable applications from products 
with less multimadia functions to complex high 
performance systems. 
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Second Major part 

Another aspect of the present invention -will be described in the following. This aspect deals with problems 
relating to the implementation of hyper-threading, multi-threading, multi-tasking, scheduling and execution 
of parts of configurations and so forth. 

It is noted that WO 00/49496 already discloses a method for execution of a computer program, usiri-g a 
processor comprising a configural functional unit capable of executing r-econfigurable instructions Ln fact of 
which can redefined at runtime. 

A problem iri conventionable processor architectures exists if a coupling of for example sequentional proc- 
essors is needed and/or technologies such as a data-streaming, hyper-threading, multi-threading and. so 
forth shall be used in a useful way enhancing performance. Techniques lcnown in prior art, such as "WO 
02/50665 Al, do not allow for a sufficiently efficient way of effecting data exchange between the /VLU of a 
CPU and the configurable data processing logic cell field, be it an FPG A, DSP or the like, that data ex- 
change being effected via registers in the prior art. In other words, it is riecessary to first sequentially write 
data into a register and then retrieve them sequentially and restore them sequentially as well. 

Another problem exists, if an external access to data is requested in kno^wn devices such as those cited used 
interalia to implement functions in the configurable data processing logic cell field, DFP, FPGA or "the like, 
that can not be processed sufficiently or* the CPU-integrated ALU. Accordingly, the data processing logic 
cell field is practically used to allow for user-defined opcodes that can process data more efficiently than is 
possible on the ALU of the CPU without further support by the data processing logic cell field. In ttie prior 
art, the coupling is generally word-based, not block-based. It is a further important aspect of the present 
invention that is has been realized that for dam-streaming data-processing block-based coupling is raighly 
preferable. At any rate, a more efficient -data processing, in particular more efficient than possible with a 
close coupling via registers, is hi^ily preferable. 

Another method for the use of logic cell fields consisting of coarse- anoVor fine-granular logic cells and 
logic cell elements consists in a very loose coupling of such a field to a conventional CPU and/or a CPU- 
core in embeded systems. Here, a ! conventional sequential program can *be executed on the CPU, fox* exam- 
ple a program written in C, C++ or the like, wherein the instantiation ofT the data stream processing t>y the 
fine- and/or coarse-granular data processing logic cell field is effected via that sequential program. Then, 
the problem exists that in programming said logic cell field a program nxrt written iri C or any other se- 
quential high-level language must be provided for the data stream processing. It would be preferable here to 
allow for C-programs to run both on a conventional CPU-architecture as well as on the data processing 
logic cell field operated therewith; in particular despite the fact that a quasi-sequential. program execution 



WO 2004/015568 



154 

References 



PCT/EP2003/008080 



should maintain the capability of data-streaming in the data processing logic cell fields whereas simultane- 
ously the capability exists to operate the CPU in a not too loosely coupled way. 

It is already known to provide for sequential data processing within a data processing logic cell field, see 
for example DE 196 51 075, WO 98/26356, DE 196 54 846, WO 98/29952, DE 197 04 728, WO 98/35299, 
DE 1 99 26 538, WO 00/77652, DE 102 12 621. Here, partial execution is achieved within a single configu- 
ration, for example to reduce the amount of resources needed, optimize the time of execution armd so forth; 
however, this does not lead automatically to allowing a programmer to translate or transfer higr*.-level lan- 
guage code automatically onto a data processing logic cell field as is the case in common, machijne modells 
for sequential processes. The compilation, transfer or translation of a high-level language code onto data 
processing logic cell fields according to the methods known for modells of sequentially executing machines 
does^remaiirdirfrcuit in fact. 

In the prior art, it is further known that configurations that effect different functions oh parts of the area 
respectively can be simultaneously executed on the processing array and that a change of one or- some of 
the configuration^) without disturbing other configurations is p ossible at run-time. 

Methods and hardware-implemented means for the implementation are known to ensure that the? execution 
of partial configurations to be loaded onto the array is possible without deadlock. Reference is r>eing made 
to DE 196 54 593, WO 98/31 102, IDE 198 07 872, WO 99/44147, DE 199 26^38, WO 00/77652, DE 100 
28 397, WO 02/13000. This technology allows in a certain way a certain parallelism and, given certain 
forms and interrelations of that configurations or partial configmations for a certain way of multi- 
tasking/multi-threading, in particular in such a way mat the planning, that is the scheduling andA or the plan- 
ning control for time use,; can be provided for. Furthermore, from the prior art, time use planning control 
means and -methods are known per se, that, at least under a corresponding interrelation of configurations 
and/or assignment of configurations to certain tasks and/or threaids to configurations and/or sequences of 
configurations allow for a multi-tasking and/or multi-threading. The use of such time use plannixig control 
means used in the prior art for configuring and management of configurations for the purpose of: scheduling 
of tasks, threads, multi- and hyper-threads is considered to be hrventive per se. 

In at least a partial aspect of preferred variants, it is preferable to provide for support of modern -technolo- 
gies of data processing and program execution such as multi-taslring, multi-threading, hyper-threading and 
so forth. 

Another important aspect of the present invention can be seen in that data are inputted into that data proc- 
essing logic cell fields in response to the execution of a load configuration by that data processing logic cell 
fields and/or in that data are stored, from that data processing logic cell fields by executing a store- 
configuration. Accordingly, it is preferred to provide the load- and/or store-configurations in such a way 
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that the adresses of those nxemory cells used are directly or indirectly generated withim. the data processing 
logic cell fields, the adresses indicating those memory cells and/or locations to which an access has to be 
effected as load- and/or store-access, that is as a read- and/or write-access. By configuring adress genera- 
tors within the configuration it becomes possible to load a plurality of data into the data processing logic 
cell fields where they can t>e stored in internal RAMs (ERAMs) and/or within the intennal cells such as 
EALUs having registers arid/or in other dedicated memory and/or storage means. The load- or store- 
configuration respectively thus allows for a block-wise and thus almost data-stream-lifcce loading and stor- 
ing of data, this being in particular much faster than a single acces and can be executed prior to or during 
the execution of one or more data processing - and/or data handling in a data altering manner - configura- 
tions processing that preloaded data. 

The data loading can take place, provided that that logic cell fields are, as is typically the case, sufficiently 
large, in small partial areas thereof, while other partial areas are executing other tasks. For example, in the 
ping-pong-like- data processing described in other published documents by the present applicant, that 
known ping-pong-like data processing relying on memory cells provided on each side of that data process- 
ing field, where data in a first data processing step stream from the memory on one side through the data 
processing field to the memory on the other side of mat data processing field, where tbLey are stored as 
intermediate results while, if necessary, the array is reconfigured, the intermediate resmlts are then stream- 
ing back for further processing and so forth. Here, a memory strip on one side and/or memory part on one 
side can be preloaded with data by a load-configuration in one array part while on the memory part on the 
other side of the logic cell field data are written out using a store-configu-ration. It is to be noted that such a 
simultaneous load-/store,way of data processing is possible even without spatial distribution and/or separa- 
tion of memory areas in which data are retrieved and/or in which data are stored. 

It is possible to effect the data loading from a cache and/or into a cache. It is advantageous, if the external 
communication to large memory banks is handled via a cache controlling unit without having to provide for 
separate circuitry within the data processing logic cell field in that the access in a writing or reading manner 
to cache-memory-rheans typically is very fast and has a small latency (if any), and in tiiat also typically a 
CPU-Unit is, here typically via a load-/store-unit, coupled to the cache so that access to data and an ex- 
change thereof between the CPU-core and the data processing logic cell fields can be effected fast, block- 
wise and such that not every single datum needs to be transferred via a separate instruction that must be 
fetched for example by the opcode-fetcher of the CPU and processed therein. 

This cache-coupling is also highly preferred compared to the coupling of the data proc essing logic cell field 
to the ALU with the CPU via registers, if those registers communicate only via a load-Vstore-unit with the 
cache as is known in the non-PACT prior art. 
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It is possible to provide for a further data connection to and/or from the load-/store-unit of the or one of thiat 
sequential-CPU-units connecting to the data processing logic cell fields and/or their registers. 

It is to be mentioned that it is possible to adress units via separate inpuWoutput ports of the data processing 
logic cell field which can in particular be provided as a VPU or XPP and/or to adress that data processing 
logic cells via one or more multiplexers downstream a single port. 

It is also to be mentioned that beside of the block-wise and/or streaming and/or random mode access to 
cache areas in a writing and a reading manner and/or to the load-/store-unit and/or the per se known con- 
nection to the registers of a sequential CPU it is also possible to provide for a connection to an external 
mass memory such a RAM, a harddisc or any other data exchange or input or output port such as an an- j 
tenna and so forth. It is possible to provide for separate ports for the access to several of such units and/or- 
memory means. It is also to be mentioned that suitable drivers, signal conditioning circuitry and so forth; 
should be provided. Furthermore, it is to be mentioned that in particular, although not exclusively for the 
handling of a data stream streaming into that data processing logic cell field ana/or out of that data proc-i 
essing logic cell fields the logic cells of that field can comprise ALUs or EALLXs respectively which can! 
have at their input- and/or output ports short, firre-granularly configurably FPG^A-like circuitries, for exam- 
pie to cut out 4-bit-biocks out of a continous data stream as is necessary for exaunple for an MPEG-4- 
decoding. This is advantageous on one hand, if a data stream is to be inputted toto the cell and is to be 
processed or preprocessed without blocking larger PAE-units. It is in particular of advantage, if the ALU is 
provided as a SIMD-ALU; here, for example, a very broad data word having for example 32-bit-data-width 
is split via an FPGA-like stripe in front of the SIMD-ALU spUtting the broad e- g. 32-bit-data into eight 
data words having for example 4-bit-data-width. that can then be processed parallelly in the SIMD-ALU 
increasing the overall performance of the system significantly provided that the* respect of applications are 
needed: 

Furthermore, it is noted that when reference is being had to FPGA-like pre- or post that structures it is not 

absolute ne- 
cessary to refer to 1 -bit-granular devices; in contrast, it would be possible to provide fmer-granular struc- 
tures of a for example 4-bit- instead of the hyper-flne-granular 1-bitstnictures. In other words, the FPGA- 
like input- and/or output-structures, in front of or data downstream of that ALU-unit, in particular S1MD- 
ALU : units are configurable in such a way that always 4-bit-data-words are processed. It is also possible U> 
provide for a cascading, so that for example incoming 32-bit-data-width words are separated into 4-bit parts 
by 8-bit FPQA-like structures in sequence of each other, then processing that four 8-bit data words in foinr 
FPGA-like 8-bit-width structures, then providing for a second stripe of 8 separate 4-bit-wide FPGA-like 
structures and, if necessary, provide for example sixteen separate having parallel 2-bit FPGA-like struc- 
tures. If this is the case, a significant reduction of the overhead compared to a hLyper-fine-granular 1-bit 
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FPGA-like structure can be achieved. This allows to significantly reduce the configuration memory and so 
forth thus saving on silicon area. 

It is to be noted that all of that coupling advantages are achievable using data block streams via a cache; 
however, it is preferred in particular if that cache is built slice-wise and if an access onto several slices can 
take place simultaneously, in particular onto all slices at the same time. It is advantageous if, as will be 
understood, the data processing logic cell field (XPP) and/or the sequential CPU and/or CPUs have to proc- 
ess a plurality of threads, be it by way of hyper-threading, multi-tasking and/or multi-threading. It is also 
preferrable to provide cache-storage means with slice access and/or slice access enabling control means. 
For example, every single thread can be assigned a separate slice thus allowing that on processing uxat 
thread the respective cache areas are accessed on the re-entry of the group of codes to be processed. How- 
ever, it is to be understood that the cacrie needs not necessarily be separated into slices and that, even if the 
cache is separated into slices, not every single thread must be assigned a separate slice. However, it is to be 
noted that this is a higly preferred method. Furthermore, it is to be noted that there may be cases wherein 
not all cache areas are used sunultaneoixsly or temporarily at a given time. Instead, it is to be expected that 
in typical data processing applications soich as in hand-held mobile telephones, laptops, cameras and. so 
forth there will exist periods during which not the entire cache is needed. Thus, it is higly preferred Lf cer- 
tain cache-areas can be separated from the power source in such a way that the energy consumption is sig- 
nificantly reduced, in particularly close to or exactly to 0. This can be achieved by power supply separation 
means adapted to separate cache slices from power. The separation can. either be effected by a down- 
clocking, separation of clock-lines and/or the overall separation of a power supply. It is in particular possi- 
ble to provide for such a separation for every single cache slice, for example by an access identification 
adapted to identify whether or not a thread, hyper-thread, task or the like is currently assigned to a respec- 
tive cache slice. In case the access identification means indicates and/or detects that this is not the cause, 
typically a separation of the slice from a clock-line and/or even the power-line can be envisaged as possi- 
ble. It is also to be noted that on repowering-up after a separation from power it is possible to immediately 
access the cache area, thus, no significant delay by switching an ON or OF of the power is to be expected, 
as long as the hardware is implemented with current semiconductor tecrmnologies. 

A further particular advantage of the prevent invention resides. in the fact that although the transfer o>f data 
and/or operands is possible in a block- wise manner, no particular balancing is needed to ensure that exactly 
the same tirnes of execution, of data processing steps in.the sequential CPU and the XPP and/or other- data 
processing logic cell fields are achieved. Instead, the processing is frequently independent, in particular in 
such a way that the sequential CPU and the data processing logic cell field can be considered as separate 
resources by a scheduler. This allows for the immediate implementation, of known data processing pro- 
grams splitting technologies such as mu-lti-tasking, multi-threading, hyper-therading. The advantage that a 
data path balancing is not necessary has as a result that for example in a sequential CPU a number of pipe- 
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line stages may be included, clock frequencies and/or schemes of clocking may be achieved ixi a different 
way and so forth. It is a particular advantage if asynchronous logic is needed. A further advantage of the 
present invention results in that by configuring a load- and a store-configuration into the data processing 
logic cell fields the data inside the field can be loaded into that field or out of that field which is no more 
controlled by the clock frequency of the CPU, the performance of the opcode fetcher and so forth. In other 
words, the opcode fetcher is no more bottle-necking the data throughput to the data logic cell field without 
having an only loose coupling. 

In a particularly preferred embodiment of the invention it is possible to use the known CT or C!M (com- 
monly employed in the XPP-unit, also given the fact that with one or more, even hierarchically arranged 
XPP-fields having in preferred embodiments their own CTs while simultaneously using one or more se- 
quential CPUs) here as a quasi hyper-threading hardware-management unit having the inherent advantage 
that known technologies such as FILMO arid so forth become applicable for the hardware support and 
management of hyper-threading and so forth; it is alternatively and/or in particular in a hierarchically ar- 
rangement also possible to provide the configurations from the opcode-fetcher of a sequential CPU via the 
coprocessing interface allowing to instantiate an XPP and/or data processing logic cell field call by the 
sequential CPU to effect data processing on the data processing: logic cell field. Cache coupling and/or load 
and/or store configurations providing adress generators for loading and/or storing of data into that data 
processing logic cell field or out of that field will provide for tne data exchange of the XPP. ta other words, 
the coprocessor-like coupling to tlie data processing logic cell field is enabled while simultaneously a data 
stream-Jike-dataJoading is effected via cache- and/or I/O-port coupling. 

It is to be mentioned that the method of coprocessor coupling, that is the indicated coupling o>f the data 
processing logic cell field will typically result in the scheduling of that logic cell field taking place on the 
sequential CPU and/or a supervising scheduler unit and/or a respective scheduler means. In such a case, the 
threading control and/or -mahage-ment practically takes place on the scheduler and/or the sequential CPU. 
Although this is per se possible, this will not be necessarily the case where, the most easy implementation of 
the invention is soughtr^e-data-processing logic cell field can be called in a conventional manner, such as 
has "been the case in a standard coprocessor such as a combination of 8086/8087. 

It is to be mentioned that in the particularly preferred embodiment, independent of the way of its configu- 
ration, be this a coprocessor interface, the configuration manager acting as scheduler at the same time or in 
any other way it is possible to adress memory within or in imnxediate vicinity of the data processing logic 
cell fields or under its management, in particular memory within the XPP-architecture as is known by the 
applicant, RAM-PAEs or other; accordingly managing internal memories such as a vector register is sug- 
gested, that is the data volumes loaded via the load configuration are stored vector-like in vector registers in 
the internal memory-cells, thereafter accessing said registers after loading and/or activating of a new con- 
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figuration for effecting the actual data processing. (It is to be noted that a data processing configuration can 
be referred to as one configuration even in case that several distinct configurations are to be processed 
simultaneously, one after the other or in a wave-like modus.) 

Here, a vector register can be used to store results and/or intermediate results in the internal or internally 
managed memory cell elements. The vector register-like accessed memory means in the XPP can be used 
also, after reconfiguration of the processing configuration by loading a store configuration in a suitable 
manner in a way that takes place again in a data-strearn-like manner, be it via an I/O-port directly streaming 
data into external memory areas and/or, as particularly preferred, into cache areas or out of these which 
then can be accessed at a later stage by the sequential CPU and/or other configurations executed on the 
other data processing logic cell field, in particularly a data processing logic cell field having produced said 
data m the first place. 

In a particulary preferred embodiment, at least for certain data processing results and/or intermediate re- 
suits, the memory and/or memory register means into, which that data processed are. to be stored, not an 
internal memory, but instead a cache area having access reservation, in particularly cache areas which are 
organized in a slice-wise manner can be used. This can have the disadvantage of a larger latency, in par- 
ticuiar if the paths between the XPP and/or data processing logic cell fields to or torn the cache are of 
considerable length such that signal transmission delays need to be considered. Still this allows to avoid 
additional store configurations. It is also to be noted, that such a way of storing data in a cache area be- 
comes on the one hand possible by placing the memory, into which data are stored, physically close to the 
cache controller and embodying that memory as acache, but that alternatively and/or additionally the pos- 
sibility exists to submit a part of a data processing logic cell field memory area, internal memory, such as e. 
g. in the "RAM over P AE"-case under the control of one or several cache-memory «ontroller(s). 

This is advantageous if the latency in storing the data processing results are to be kept small in storing data 
processing results while latency in accessing the memory area serving as a quasi-ca_che to other units will 
not be too significant in. other cases. 

It is also to be mentioned that ah embodiment is possible in such a way that the caclie controller of the 
known sequential CPU adresses as a cache a memory area thdt without serving for «he purpose of data 
exchange with a data processing logic cell field is physically placed onto that data processing logic cell 
field and/or close to that field. This is advantageous in that, if applications are run onto the data processing 
logic cell fields having a very small local memory need and/or if only few other configurations compared to 
the overall amount of memory space available are needed, these memory areas can be assigned to one or 
more sequential CPUs as cache or additional cache. It is to be mentioned that if in such a case the cache 
controller may be adapted for the management of a cache area having a dynamically varying size. 
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A dynamical cache-size management and/or dynamical cache management size means for the dynamical 
cache management may particularly take into account me woik load on the sequential CPU and/or the data 
processing logic cell fields. In other words, it could be analyzed for example how many NOPs in a given 
time unit are executed on the sequential CPU and/or how many configurations are preloaded in the dy- 
namically reconfigurable field in thememory areas provided there* ore, so as to enable fast reconfiguration 
(be it by the way of wave=reconfigaxatton or in any other way). The dynamical cache size or cache size 
management disclosed herewith is, in a highly preferred manner, runtime dynamical, that is, the cache 
controller controls a momentary cache size respectively that can be* changed from clock-cycle to clock- 
cycle or from one group of clock-cycles to the other. It is also to be* noted that the access management of a 
data processing logic cell field with access as internal memomory such as vector register is possible. While 
as previously discussed a configuration management unit can be provided, it is now to be explicitly noted 
that such units and their way of operation allowing in particular the* preloading or configurations currently 
not yet needed can be used very easily to effect the multi-task operation and/or hyper-threading; and/or 
multi-threading, in particular for task- and/or thread- and/or hyper-thread switches. Here, it is also noted 
that during the runtime of a thread or a task it is possible to preload configurations for different tasks and/or 
threads and/or hyper-threads into the PAE-airay. This then allows to preload configurations for a different 
task an/or thread if the current thread or task can not be executed, for example because data must be waited 
for, be it that they have not yet been received, for example due to la-tencies, be it because a resource is 
blocked by anolher access. In case of the configuration preloading tor a different task or thread, a switch or 
change becomes possible without the disadvantage of a timing overhead because due to the for example 
shadow-like loaded configuration execution. 

It is in principal possible to use this technique also in cases where thte most likely continuation of an execu- 
tion is predicted and a prediction is missed. However, this way of operation will be most prefeired in cases 
free of predictions: When using apure sequential CPU and/or several pure sequential CPUs, the configura- 
tion manager thus also acts as and realizes a hyper-threading management hardware. Reference is being 
had to DE 1 98 07 872, WO 99/44147 and WO 99/44120. It can be considered as sufficient, in particular in 
case where the CPU and/or several sequential CPUs shall have a hyper-threading management to keep 
partial circuitry elements such as the F1LMO, described in the documents referred to. In particular, the use 
of the configuration manager described therein with and/or without FILMO for use with the hyper- 
threading management for one and/or more purely sequential CPUs -with or without coupling to a data 
processing logic cell field is disclosed herewith and claimed as inventive, although it is also to be noted that 
not in all cases where new and inventive features are disclosed in thes present application these features are 
explicitly referred to as being inventive. 
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It is also to be noted that the plurality of CPUs can be realized with known tecluiiques such as known for 
example from DE 102 12 621, PCT/EP 02/10572. It is also to be noted that DE 106 51 075, DE 106 54 
846, DE 107 04 728; .WO 98/26356, WO 98/29952 und WO 98/35299 disclose how to implement sequenc- 
ers having ring- and/or random-access memory means in data processing logic cell fields. 

It is to be noted that a task-, thread- and/or hyper-thread switch respectively cam be effected with the known 
CT-technolgy such tfciat performance-slices and/or time-slices are assigned to a software implemented oper- 
ating system scheduler by the CT, during which slices it is determined which rparts of tasks and/or threads 
are subsequently to be executed provided that resources are available. 

An example is given as follows: First, an adress sequence is generated for a firrst task during which the 
execution of a load configuration loads data from a cache memory coupled.wrth to the data processing logic 
cell field in the described manner. As soon as the data are present, the execution of a second, the actual data 
processing configuration can be started. This configuration can be preloaded a_s well, since it is certain that 
this configuration is to be executed provided that no interrupts or the like caus« task switchs. In conven- 
tional processes there is now known the problem of the so called cache-miss, wherein data are requested 
that are not yet available in the cache. If such a case occurs in the coupling according to the present inven- 
tion, it is possible to switch over to another thread, hyper-thread and/or task, thiat has in particularly been 
previously determined as the one to be executed next by the in particular sofWare implemented operating 
systems schedular and/or another hard- and/or software implemented unit operating accordingly and has 
thus been preloaded in an available configuration memory of the data processing logic cell field, in par- 
ticular preloaded in the background during the execution of another configuration, for example the load 
configuration which lias effected the loading of data that are now waited for. 

It is to be noted that it is possible to provide for separate configuration lines, ttiese being e. g. separate from 
communication lines used in the connection of the in particular coarse-granular data processing logic cells 
of the data processing logic cell field. Then, if the configuration to which due to the task-, thread- and/or 
hyper-thread switch processing has been switched over, has been executed, anxi in particular has been in the 
preferable non-dividable, uninterruptable and hence quasi atomar configuration executed until its end, a 
further other configuration as predetermined by that scheduler, in particularly said operating system-like 
scheduler is executed and/or a configuration, for which the assigned load configuration has been executed. 
Prior to the execution of a processing configuration, for which a load configuration has been executed pre- 
viously, a test can be made whether or not the respective date have been streamed into the array, e. g. 
checking if the latency time which typically occurs has lapsed and/or the data are actually present. 

In other words, latency times which occur as configurations are not yet preloacied, data have not yet been 
loaded and/or data have not yet been stored, are bridged and/or covered by executing threads, hyperrthreads 
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and/or tasks which have been preconfigured and which process data that are already available or can be 
written to resources that are available for writing thereto. In ttiis way, latency times are covered and/or 
bridged and, provided a sufficient number of threads, hyper-tlireads and/or tasks are to be executed, the 
data processing logic cell field will have almost 100 % load. 



se- 

capa- 



In the present system it is possible to. realize a real time system despite the coupling of the amy to a s 
quential CPU and in particular while still having a data stream capability. In order to ensure Teal time 
bilities it must be guaranteed that incoming data or interrupts respectively signalizing incoming data are 
reacted upon without exceeding an allowed maximum time. This can be effected by causing " a task switch 
on an interrupt and/or, for example, if the interrupts have a certain priority, by determining tliat a certain 
interrupt is currently to be ignored, which has to be determined within a certain time as well. A task switch 
in such systems capable of real time processing will thus typically be possible in one of three ways namely 
either when a task has run for a certain time (watch dog-principle), hot-availability of a resource, be it due 
to a blockade due to another access or due to latencies and/or in the case of the occurrence o:f interrupts. 

A way of implementing one of these variants may ensure the real time capability. In a first alternative, one 
resource which is under the control of the CT oder scheduler switches over to processing the* interrupt. If 
the allowed response time to a certain interrupt is so long that: the configuration currently configured can be 
executed without interruption this is uncritical, particular in v-iew of the fact that the interrupt handling 
configuration can be preloaded. The selection of the interrupt handling configuration to be pxeloaded can be 
carried out by the CT or any other instance. It is also possibly to restrict the runtime of the configuration on 
the resource to which the interrupt processing has been assigned. Reference is being had to F>CT/DE 
03/000942. 

If the system has to react taster if an interrupt occurs, it can bio preferred to reserve a single resource, for 
example a separate XPP-unit or parts of a data processing logic cell field for the execution 6* interrupt 
handling routines. In this case, it is also possible to preload interrupt handling routines for interrupts that 
are particularly critical. It is also possible to immediately start loading of an interrupt handling routine once 
the interrupt occurs. The selection * of the configuration necessary for a respective interrupt, can be effected 
by triggering, wave-processing and so forth. 

It is to be mentioned that by the methods described it becomes possible to provide for an instantaneous 
reaction to the interrupt by using load«/store configurations in order to obtain a code-reentramcy . Here, 
following every single or every other data processing configuration, for example every five- or ten data 
processing configurations, a store configuration is executed aaid men a load configuration accessing the 
very memory arrays in which data have been just written is carried out Then, it only has to fee made sure 
that the memory areasjised_by_thatstore configuration remain untouched until the configuration or group of 
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configurations that the preloading has been effected for has been finished fc>y completely executing a further 
store configuration. In such a way of intermediately carried out load-/store configurations and simultaneous 
protection of not yet overaged store-memory areas code-reentrancy is generated very easily, for example in 
compiling a program. Here, resource reservation may be advantageous as well. 

Further, a particular preferred embodiment of a reaction to an interrupt consists in using interrupt routines 
where code for the data processing logic cell field is forbidden, this embodiment being preferred when, one 
of the resources available is a sequential CPU. In other words, an interrupt handling routine is executed 
only on a sequential CPU without calling data, processing steps or routines making use of a data processing 
logic cell field. This guarantees that the processing on the data processing logic cell field is not to be inter- 
rupted and then, further processing on that date processing logic cell field can be effected following a -task 
switch. Although the actual interrupt routine does not comprise any data processing logic cell field code 
such as XPP-code, it can still be made sure that at a later time no more relevant to real time processing 
capabilities the data processing logic cell field reacts to an interrupt and/on a real time request determined, 
to state information and/or data using the data, processing logic cell field. 
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Third major part 

Abstract - Nowadays, the datapaths of modern 
microprocessors reach their limits by using 
static instruction sets. A way out of this limita- 
tions is a dynamic reconfigurable processor 
datapath extension achieved by integrating 
traditional static datapaths with the coarse-grain 
dynamic reconfigurable XPP-architecture (ex- 
treme Processing Platform). Therefore, a 
loosely asynchronous coupling mechanism of 
the corresponding datapath units has been de- 
veloped and integrated onto a CMOS 0.13 um 
standard cell technology from UMC. Here the 
SPARC compatible LEON processor is used, 
whereas its static pipelined instruction datapath 
has been extended to be configured and person- 
alized for specific applications. This allows a 
various and efficient use, e.g. in streaming ap- 
plication domains like-MPEQ=4r^iigtol filters, 
mobile communication modulation, etc. The 
chosen coupling technique allows asynchro- 
nous concurrency of the . additionally config- 
ured compound instructions, which are inte- 
grated into the programming; and compilation 
environment of the LEON processor. 



6.1 Introduction 
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1 Introduction 

This document describes a method for compiling a subset of a higti-level programming language (HLL) 
like C or FORTRAN, extended by port access functions, to arecortfigurable data-flow processor (RDFP) 
as described in Section 3. The program is transformed to a configuration of the RDFP. 
This method can be used as part of an extended compiler for a hybrid architecture consisting of standard 
host processor and a ^configurable data-flow coprocessor. The extended compiler handles a full HLL 
like standard ANSI C It maps suitable program parts like inner loops to the coprocessor and the rest 
of the program to the host processor. It is also possible to map separate program parts to separate 
configurations. However, these extensions are not subject of this document. 

2 Compilation Flow 

This section briefly describes the phases of die compilation method 
2.1 Fhwntend 

The compiler uses a standard Contend which translates the input program (e. g. a C program) into an in- 
ternal format consisting of an abstract syntax tree (AST) and symbol tables. The frontend also performs 
well-known compiler optirnizations as constant propagation, dead code elimination, conunon subexpres- 
sion elimination etc. For details, refer to any compiler construction textbook like [1]. The SUIT compiler 
[2] is an example of a compiler providing such a firontehd. 

22. Control/Dataflow Graph Generation 

Next, the program is mapped to a control/dataflow graph (CDFG) consisting of connected R2>FP func- 
tions. This phase is the main subject of this document and presented in Section 4. 

23 Configuration Code Generation 

Finally the last phase direcdy translates the CDFG to configuration* code used to program the 31DFP. For 
PACTXPP™ Cores, the configuration code is generated as an NMJL (Native Mapping Language) rile. 

3 Configurable Objects and Functionality of a. RDFP 

This section describes the configurable objects and fundtionality <Kf a RDFP. A possible implementation 
of the RDFP architecture is a PACT XPP™ Core. Here we only describe the minimum requirements for 
a RDFP for this compilation method to work. The only data types considered are multi-bn words called 
data and single-bit control signals called events. Data and events are always processed as packet s, cf. 
Section 3.2. Event packets are called 1-events or 0-events, depending on their bit-value. 
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3.1 Configurable Objects and Functions 

An KDFP consists of an amy of configurable objects and a communication network. Each object can 
be configured to perform certain functions (listed below). It performs the same function repeatedly until 
the configuration is changed. The array needs not be completely uniform, i. e. not all objects need to be 
able to perform all functions. E. g., a RAM function can be implemented by a specialized RAM object 
which cannot perform any other functions. It is also possible to combine several objects to a "macro" to 
realize certain functions. Several RAM objects can, e. g. , be combined to realize a K-AM function with 
larger storage. 
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Figure 1: Functions of an RDFP 

The following functions for processing data and event packets can be configured into an RDFP. See Fig. 1 
for a graphical representation. 

• ALU[opcode]: ALUs perform common arithmetical and logical operations on data. ALU func- 
tions ("opcodes") must be available for all operations used in the HLL. 1 ALU functions have two 
data inputs A and Brand-one-data-output X. Comparators have an event outpuT U instead of the 
data output They produce a 1-event if the comparison is true, and a 0-event otherwise. 
'Otherwise programs containing operations which do not have ALU opcodes in the RDFP must be excluded from the 
supported HLL subset or substituted by "macros- of existing functions.. 
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. CNT A counter function which has data inputs LB, UB and INC (lower boun* upper bound 
an7h£ement) and data output X (counter value). A packet at event input START starts the 
hunter, and event input NEXT causes the generation of the next output value (and output events) 
rSSes flie counter to terminate if UB is reached. If NEXT is not connected, the counter counts 
continuously. The output events U, V, and W have the following functionality: For a counter 
counting N Les.N-1 6-events andone Invent are generated at output U^t output V NO-evente 
are generated, and at output W, N 0-events and one 1 -event are created THe 1-event at W is only 
created after the counter has terminated, i. e. a NEXT event packet was receded after the last data 
packet was output. 

. RAMIsize]: The RAM function stores a fixed number of data words Cstee"). It has a oate input 
RDaad a dam output OUT for reading at address RD. Event output ERD signals c^pte^ of 
toreadaccess For a write access, data inputs "WR and IN (address and value) anddata output 
SuT^S Event output EWR signals completion of the write access. !ERD and EWR always 
gSeTevents. Note Lt external RAM can be handled as RAM functions exactly like internal 
RAM. 

. GATE- A GATE synchronizes a data packet at input A back and an eventpacket at input E. When 

b^npute have aSved, mey are bom consumed. The data packet is copied to output X and the 

event packet to output U. 
. MUX A MUX function has 2 data inputs A and B, an event input ^SEL .and a data oumur X If 

SEL receives a 0-event, input A is copied to outp« X and input B discarded. For a 1-event, B is 

copied and A discarded. 

. MERGE: A MERGE function has 2 data inputs A and B an event mput SEL, 
IfSELreceivesaO-event, input A is copied to output X but input B is discarded. The packet 
" is left at the input B instead. For a 1-event, B is copied and A left at the input. 

. DEMUXADEMTJXfunctionhasoned^^ ^dtwo^u^uteX 
and Y. If SEL receives a 0-event, input A is copied to output X and n|o packet is created at output 
Y. For a 1-event, A is copied to Y, and no packet is created at output X. 

. MDATA: A MDATA function multipHcates.data packets. It has a data input A, an ^^Jj^j*! 
SEL and a data output X If SEL receives a 1-event, a data packet at A is consumed and coo ed 
Slu^ut X. For all subsequent 0-event at SEL, a copy of the input data 

oumuTwimomconsuminVuew packets at A. Only if another 1-event amves at SEL. me next data 
packet at A is consumed and copied. 2 

• mPORTTnameV Receives data packets from outside the RDFP through input port "name" and 
S ^Sn^da^ouUx. If a packet was received, a 0-event is produced at event output U 
mT^ote that this function can only be configured at special objects connected to external busses.) 

. OUTPORT[name]: Sends data packets received at data input A to the outside of ^ e 
output port W\ Ifa packet was sent. aO-event is produced at event output U, too. (Note that 
this function can only be configured at special ofcjects connected to external busses.) 

Additionally, the following functions manipulate only event packets: 
J No te that this can be implemented by a MERGE with special properties on XPP™ . 



Confidential 



WO 2004/015568 PCT/EP2003/008080 

169 

A Method for Compiling High-Level Language Progr ams to a ggcoriggggbJe Data-flow Processor 5 

• O-FILTER, 1 -FILTER: A FILTER has an input E and an output U. A 0-FTLTER copies a 0-event 
fix)mEtoU,t>utl-EVF^satEarediscarded. A 1-FILTER copies 1 -events and discards 0-evesnts. 

• INVERTER: Copies all events from input E to output U but inverts its value. 

• 0-CONSTANT, 1-CONSTANT: 0-CONSTANT copies all events from input E to output U, but 
changes them all to value 0. 1 -CONSTANT changes all to value L 

• ECOMB- Combines two or more inputs El, E2, E3.... producing a packet at output U. The output 
is a 1-event if and only if one or more of the input packets are 1-events.Gogical or). A packet must 
be available at all inputs before an ouput packet is produced. 3 

. ESEQtseqJ: An ESEQ generates a sequence "seq" of events, e,g. "0001", at its output U. If it 
has an input START, one entire sequence is generated for each event packet arriving at U. The 
sequence is only repeated if the next event arrives at U. However, if START is not connected, 
ESEQ constantly repeats the sequence. 

Note that ALU, MUX, DEMUX. GATE and ECOMB functions behave JLke their equivalents in classical 
dataflow machines [3,4]. 

3.2 Packet-based Communication Network 

The communication network of an RDFPcan connect an outputs of one object (i.e. its respective func- 
tion) to the input(s) of one or several other objects. This is usually achieved by busses and swnxhes By 
pladng the functions properly on the objects, many functions can be connected arbitrarily up to ahm. 
Imposed by the device size. As mentioned above, all values are communicated as packets. A separate 
communication network exists for data and event packets. The packets synchronize the functions as in a 
dataflow machine with acknowledge [3]. L e.. the function only executes when all input packets are avail- 
able (apart from the non-strict exceptions as described above). The function alsostalh >if the ,last outtput 
packet has not been consumed. Therefore a data-flow graph mapped to an RDFP self-synchromzes its 
execution without the need for external control. Only if two or more function outputs (dam or ^nt>are 
connected to the same function input ("N to 1- connection"), the self-symchromzaUon is disabled. The 
user has to ensure that only one packet arrives at a time in a correct 0>FG. Otherwise a pack* rnught 
get lost, and the value resulting from combining two or more packets is undefined. However, a function 
output can be connected to many function inputs ("1 to N connection") without problems. 

There are some special cases: 

. A function input can be pre loaded with a distinct value during configuration. This packet is con- 
sumed like a normal packet coming from another object 

. A function input can be defined as constant. In this case, the packet at the input is reproduced 
repeatedly for each function execution. 

'Note that this function is implemented by iheEAMD operator on the XPP™ . Jt ^^„ k y mi „ aM ^ om w^ 
♦Note that on XPF™ Cores. a "N to 1 connection" for events is realized by the EORfuncuon. and for data by just assigning 

several outputs to an input. 
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An RDFP requires register delays in the dataflow. Otherwise very long combinational delays and asyn- 
chronous feedback is possible. We assume that delays are inserted at the inputs of some functions (like 
for most ALUs) and in some routing segments of the communication network- Note that registers change 
the timing, but not the functionality of a correct CDFG. 

4 Configuration Generation 
4,1 Language Definition 

The following HLL features are not supported by the method described here: 

• pointer operations 

• library calls, operating system calls (including standard I/O functions) 

• recursive function calls (Note that non-recursive function calls can be eliminated by function in- 
lining and therefore are not considered here.) 

• All scalar data types are converted to type integer. Integer values are equivalent to data packets in 
the RDFP. Arrays (possibly multi-dimensional) are tfcie only composite data types considered. 

The following additional features are supported: 

INPORTS and OUTPORTS can be accessed by the HLL. functions getstream(name„ value) and put- 
streamfname, value) respectively. 

42 Mapping of High-Lcrvel Language Constructs 

This method converts a HLL program to a GDFG consisting of the RDFP functions defined in Section 3.1 . 
Before the processing starts, all HLL program arrays are mapped to RDFP RAM functions. An array x 
is mapped to RAM RAM(x). If several arrays are mapped to the same RAM, an offset is assigned, too. 
Hie RAMs are added to an initially empty CDFG. There must be enough RAMs of sufficient size for all 
program arrays. 

The CDFG is generated by a traversal of the AST of the HX.L program. It processes ttie program state- 
ment by statement and descends into the loops and conditional statements as appropriate. The following 
two pieces of information are updated at every program point 5 during the traversal: 

• START points to an event output of a RDFP function. This output delivers a Oevent whenever 
the program execution reaches this program point A-t the beginning, a 0-CONSTANT preloaded 
with an event input is added to the CDFG. (It delivers a 0-event immediately after configuration.) 
START initially points to its output This event is used to start the overall program execution. The 
STABT n evj signal generated after a program part has finished executing is used as new START 
signal for the following program parts, or it signals termination of the entire program. The START 

3 ln a program, program points are between two statements or before the beginning or after the end of a program component 
like a loop or a conditional statement. 
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events guarantee that the execution order of the original program is maintained wherever the data 
dependencies alone are not sufficient This scheduling scheme is similar to a one-hot controller 
for digital hardware- 

• VARliST is a list of {variable, function-output} pairs. The pairs map integer variables or array 
elements to a CDFG function's output. The first pair for a variable in VARLIST contains the 
output of the function which produces the value of this variable valid at tfae current program point 
New pairs are always added to the front of VARLIST. The expression VARDEF(var) refers to the 
function-output of the first pair with variable vax in VARLIST. 6 

The following subsections systematically list all HLL- program components and describe how they are 
processed, thereby altering the CDFG, START and VARLIST. 

4-2.1 Integer Expressions and Assignments 

Straight-line code without array accesses can be direcdy mapped to a data-flow graph. One ALU is 
allocated for each operator in the program. Because of the self-synchronization of the ALUs no explicit 
control or scheduling is needed. Therefore processing these assignments does not access or alter START. 
The data dependences (as they would be exposed in the DAG representation of the program [1]) are 
analyzed through the processing of VARLIST. These assignments synchronize themselves through the 
data-flow. The data-driven, execution automatically exploits the available instruction level parallelism. 
All assignments evaluate the right-hand side (RHS) or source expression. This evaluation results in a 
pointer to a CDFG object's output (or pseudo-object as defined below). For integer assignments, the 
left-band side (LHS) variable or destination is combined with the RHS result object to form a new pair 
{IMS, result(RHS)} which is added to the front of VAJROST. 
The simplest statement is a constant assigned to an integer: 7 

It doesn't change the CDFG, but adds {a, 5} to the front of VARLIST. The <=°^t | i s a "pseudo- 
objecf which only holds the value, but does not refer to a CDFG object Now VARDEFfa) equals 5 at 
subseqent program points before a is redefined. 

Integer assignments can also combine variables already defined and constants: 
b = a* 2+3; 

In the AST, the RHS is already converted to an expression tree. This tree is transformed to a combination 
of old and new CDFG objects (which are added to the, CDFG) as follows: Each, operator Cmtemal node) 
of the tree is substituted by an ALU with the opcode corresponding to the operator in the tree. If a leaf 
node is a constant, the ALU's input is directly connected to that constant If a leaf note is an integer 
variable var, it is looked up in VARLIST, i. e. VARDFJF(var) is retrieved. Then VARDEF(var) (an output 
of an already existing object in CDFG or a constant) is connected to the ALU's input The output of the 
ALU corresponding to the root operator in the expression tree is defined as the result of the RHS. Finally, 
a new pair {LHS, result(RJIS)} is added t o VARLIST. If the two assignments above are processed, the 

«This method of using a VARUST is adapted from the Transmogrifier C compiler [5]. 
'Note that we use C syntax for the following examples. 
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. u AT , Te ;n R(r , ic created. 8 Outputs occurring in VARLIST are labeled by Roman 
CDFG with two ALUs in Fig. 2 is created, uurp 6 is on the left 

numbers. After these two assignments VARUST 7^J^J^ expre ssion tree or retrieved 
arrow in Fig- 2. 

4.2.2 Conditionai Integer Assignments 

A-*™* if then^lse statements containing only integer assignments, objects for condition eval- 
For conditional ^^^^^Z^^S. tadictating the condition result is kept for choosing 
uation are created first The object f v ^ ^^T pressed in parallel, using separate copies 
the correct branch result later Next both ^rata ££^1-55 Finally! for all variables 

added to : VABLIST1 ^™^mS T2 are combined with a MUX function, and the correct input 
definitions from VARUST1 ^ARL^ are con twQ branches , the multiplexer 

is selected by the condmon result For ^^^f^ if the original VARLIST does 

uses me result retrieved i. «,d. in • to-cik»-. 

STSi Lcture need to be added to VARLIST in the combination phase. 

j 

Consider the following example: 



i - 7; 
a = 3; 

if (i < 10) { 
..a = 5; 
c ■» 7; 

} 

else { 

c - a - 1; 
d = 0? 

) 



m}, {a, IV}, {a, 3}, {i, 7}]. 

Note that case- or switch-statements can be processed, too, since they can- witiiout loss of generality- 
be converted to nested if-then-else statements. 

Processingconditional statements this J^^^^ 
Both branches are executed in parallel and synchronized by the data-flow. It is possible pipe 

dataflow for optimal throughp ut-- - „. 

end would normally have substituted. the second assignment by ^P^^JJ^ 

explanation, no frontend optirnizations are considered . M ^^2525-* from here „ intermediate 

•Definition: A variable is live at a program point if its value is read at a statement 
redefinition. 
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4 23 General Conditional Statemrats 

Conditional statements containing either anay accesses <cf. Section 4.2.7 Mow) «JJ 
Itepocessed as described in Section A2X Data packets must only -be sent to branch. This is 
^ladneved by the implementation shown in Fig. 8, similar to the method presented in [4]. 
t A dataflow analysis is performed to compute used sets use and defined sets def [1] of bod. 
» For the current VARLIST entries of all variables in 7JV - we^entody | U def{thenbody) U 
^(SeS) U de/teiaebody) U «ae( Wer). DEMUX functions con*ollrf by the IF condmon *e 
Verted No* that arrows with dolible lines in Fig. 8 denote connections for « variables 
Sd DEMUX function stands for several DEMUX functions one for each varxaUe - ^ ^E- 
Ul IX functions forward data packets only to the selected branch. New lists VARLIST1 and VARLIST2 
^^XuXts^tive outputs of meseDEM^ 

VARLET1 and the else touch with VARLIST2. Finally, the output values are combined OUT con- 
SI w vies for the same variables as in IN. Since only one branch is ever actnrated fcere £££ 
IT Zto two packets arriving simultanuously. The combinations will be added to VARLIST 
^^SSE^SS? If me W execution sbk .be pipeUned, MERGE opcodes for the output 
M bi inserted, too. They are controlled by the condiU like the DEMUX functions. 

! and eLbody's START^ outputs. With this extension, aibitranly nested 

( conditional statements or loops can be handled within thenbody and elsebody. 



4.2.4 WHILE Loops 

WHu^l^amprocessed-similarlv-to-m^ 

ble line connections and shaded MERGE and DEMUX : too. ^TiSSSl t £ eS£ 5 
in IN. Here IN = «se(v,hilebody) U def(whilebody) U «ae( Wer) The ^e^utes as 

foBws: In the first loop iteration, the MERGE functions select all input values = from VARLIST at loop 
enw SEL=0). The MERGE outputs are connected to the header and the DEMUX funcuons If to 
2Sto is true (SEL=1), *e input values are forwarded to the whi eb ^*™ e 
The output values of the while body are fed back to whilebod/s input via the MERGE and DEMUX 
opemtoS as long as the condition is true. Finally, after the last iteration, they are forwarded to OUT. The 
outputs are added to the new VARLIST. 12 
Jf V Two extensions with respect to [4] are add ed (dotted lines in Fir. 9): 

V isJefiierfinastatement(orrepon)ifanewvalueisassignedtoit. 

IN 1 always arrive at the DEMUX's input before feedback values amve. 
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• In [4], the SEL. input of the MERGE functions is preloaded with 0. Hence the loop execution 
begins immediately and can be executed only once. Instead, we connect the START input to me 
MERGE's SEL input ("2 to 1 connection" with the header output). This allows to control the time 
of the start of the loop execution and to restart it 

• The whilebody's START input is connected to the header output, sent through a l-FILTER/0- 
CONSTANT combination as above (generates a 0-event for each loop iteration). By ECOMB- 
cranbuiing-whilebody's START new output with the header output for the MERGE functions* 
SEL inputs, the next loop iteration is only started after the previous one has finished. The while 

' loop's STARTneio output is generated by filtering the header output for a 0-event 

With these extensions, arbitrarily nested conditional statements or loops can be handled within while- 
body. 

4.23 FOR Loops 

FOR loops are particularly regular WHILE loops. Therefore we could handle them as explained above. 
However, our RDFP features the special counter function CNT and the data packet multiphcauon func- 
tion MDATA which can be used for a more efficient implementation of FOR loops. This new FOR loop 
scheme is shown in Fig. 10. 

A FOR loop is controlled by a counter CNT. The lower bound (LB), upper bound (UB), and increment 
(INC) expressions are evaluated like any other expressions (see Sections 4.2.1 and 4.2.7) and connected 
to the respective inputs. 

As opposed to WHILE loops, a MERGE/DEMUX combination is only required for variables in JJV1 = 
def (forbody), i. e. those defined in forbody." INI does not contain variables which are only used 
in forbody, LB, UB, or INC, and does also not contain the loop index variable. Variables in INI are 
processed as in WHILE loops, but the MERGE and DEMUX functions* SEL input is connected to 
CNT's W output. (The W output does the inverse of a WHILE loop's header output; it outputs a 1- 
event after the counter has terminated. Therefore the inputs of the MERGE functions and the outputs 
of the DEMUX fimctions are swapped here, and the MERGE functions' SEL inputs are preloaded with 
1-events.) 1 

CNT's X output provides the current value of the loop index variable. If the final index value is required 
(five) after the FOR loop, it is selected with a DEMUX function controlled by CNT's U event output 
(which produces one event for every loop iteration). 

Variables in IN2 = use(forbody) \ def (forbody), i. e. those defined outside the loop and only used 
(but not redefined) inside the loop are handled differently. Unless it is a constant value, the variable s 
input value (from VARLIST) must be reproduced in each loop iteration since it is consumed in each 
iteration. Otherwise the loop would stall from the second iteration onwards. The packets are reproduced 
by MDATA functions, with the SEL inputs connected to CNT's U output The SEL inputs must be 

| preloaded with a 1-event to select the first input The 1-event provided by the last iteration selects a new 

| value for the next execution of die entire loop. 
■ "Note that the MERGE functions can be replaced by simple "2 to 1 connections" as for WHILE loops if the configuration 
process guarantees that packets from INI always arrive at the DEMUX's input before feedback values amve. 
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fThe following control events (dotted lines in Fig. 10) are similar to the WHILE loop extensions, but 
I shunter CNTs START input is connected to me loop's overall START signal. STAJRT neu> is generated 
1 from CNTs W output, senUhmugh-aJ-EILTER and 6-CONSTANT. CNT's V output produces one 0- 

™Z for each loopiteration and is therefore used as forbody's START. Finally, CNTs NEXT input is 

connected to forbody's STABT new output 

For pipelined loops (as defined below in Section 4.2.6), loop iterations are allowed to overlap. Therefore 
CNTs NEXT input needs not be connected. Now the counter produces index variable values and control 
events as fast as they can be consumed. However, in this case CNTs W output in not sufficient as overall 
STABTnew output since the counter terminates before the last iteration's foibody finishes. Instead, 
STABTnew is generated from CNT's U output ECOMB-combined with forbody's START new output, 
sent through a 1 -FILTER/0-CONSTANT combination. The ECOMB produces an event after termination 
of each loop iteration, but only the lost event is a 1 -event because only the last output of C^s U output 
is a 1-event. Hence this event indicates that the last iteration has finished. Cf. Section 4.3 for a FOR loop 
example compilation with and without pipelining. 

As for WHILE loops, these methods allow to process arbitrarily nested loops and conditional statements. 
The following advantages over WHILE loop implementations are achieved: 

. One index variable value is generated by the CNT function each clock cycle. This is faster and 
smaller than the WHILE loop implementation which allocates a MERGE/DEMUX/ADD loop and 
a comparator for the counter functionality. 
. Variables in IN2 (only used in forbody) are reproduced in the special MDATA funcuonsand need 
not go through a MERGE/DEMUX loop. This is again faster and smaller than the WHILE loop 
implementation. 

42.6 Vectorization and Pipelining 

The method described so far generates CDFGs performing the HLL program's functionality on an RDFP. 
However, the program execution is unduly sequentialized by the START signals. In some cases, inner- 
most loops can be vectorized. This means that loop iterations can overlap, leading to a pipelined dataflow 
through the operators of the loop body. The Pipeline Vectorization technique [6] ^beeasdyapphed to 
the compilation method presented here. As mentioned above, for FOR loops, the CNT s NEXT input is 
removed so that CNT counts continuously, thereby overlapping the loop iterations. 
All loops without array accesses can be pipelined since the dataflow automatically synchronizes loop- 
carried dependences, i. e. dependences between a statement in one iteration and another statement m a 
subsequent iteration. Loops with array accesses can be pipelined if the array (i. e. RAM) accesses do 
not cause loop-carried dependences or can be transformed to such a form. In this case no RAM address 
is written in one and read in a subsequent iteration. Therefore the read and write accesses to the same 
RAM may overlap. This degree of freedom is exploited in the RAM access technique described below. 
Especially for dual-ported RAM it leads to considerable performance improvements. 

4.2.7 Array Accesses 

In contrast to scalar variables, array accesses have to be controlled explicitly in order to maintain the 
program's correct execution order. As opposed to normal dataflow machine models [3], a RDFP does 
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not have asingle address space. Instead, the arrays are allocated to several RAMs. This leads to a 
different approach to handling RAM accesses and opens up new opportumues for optimization. 
Wo reduce the complexity of the compUation process, array accesses are processed in two phases. Phase 
\ uS "pseudo-functions" for RAM read and write accesses. A RAM read function has aRD da* input 
Sa/dress) and an OUT data output (read value), and a RAM write function has WR and IN data 
nSsSLSess and write value). Both functions are labeled with the array the access refers to and 
S haveTsTART event input and a U event output The events control the access order In Phase 2 aU 
Cessel J Sesame RAM Z combined and substituted by a single RAM function as shown m Fig. 1. 
TO^velmanipulating the data and event inputs and outputs suchthat the correct execution order ts 
maintained and the outputs are forwarded to the correct part of the CDFG. 

kPhase 1 Since arrays are allocated to several RAMs, only accesses to the same RAM have to be syn- 
£cSed. Accesses to different RAMs can occur concurrently or even out of order. In case of data 
^ dS^ciesT^cesses self-synchronize automatically. Within pipelined loops, not even read and 
I Sr?™i to mTsame RAM have to be synchronized. This is achieved by maintaunng separate 
1 ^iZS. tteT^ separuT TA^ signais f^RAM read and RAM w«te accesses 
' in ^doelinedloops At tire end of a basic block [1] M . all START**, outputs must be combined by a 
F SSCto pSfsTART signal for the next basic block which guarantees that all^Y a^sesm 
me preWo^s basic block are completed. For pipelined loops, this condmon can even be ^axe^ Ordy 
Xfme loop exit all accesses have to be completed. The individual loop derations need not be synchro- 
nizcd. 

First the RAM addresses are computed. The compiler frontend's ^^^^^^LS 
ceSeTcan be used, and a CDFG function's output is generated which provides the address. If apphcable, 
roXTvXetpecftofte RDFP RAM ("determined in the initial mapping phase) must be added 
T^s SuTiTco^ecid to the pseudo RAM read's RD input (for a read access) or to the ^ pseudo _ RAM 
wr£* WR input (for a write access). Additionally, the OUT output (read) or IN input (write) is con- 
^^e TtART mput is connected to the variable's START signal, and the U output is used as 
f STAJRTnew for the next access. 1 
To avoid redundant read accesses, RAM reads are also registered in VARLIST Instead of ^an mteger 
variable, an array element is used as first element of the pair. However, a change in a variable occurring 
in an array index invalidates the information in VARLIST. It must then be removed from it 

{ Thefollowing example with two read accesses compiles to ^'^^.f^^^^^ 
START signals refer only to variable a. STOP1 is the event connection which sy^hromzesTR^g 
Inputs START (old), i and j should be substituted by the actual outputs resulting from the program before 
the array reads. 



x = a[i]; 
y - a[j]; 
z = x + y; 



j Fig. 13 shows the translation of the following write access: 



« x; ■ 

» A basic block is a program part with a single entry and a single exit point, i. e. a piece of straight-line code. 
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Phase 2 We now merge the pseudo-functions of all accesses to the same RAM and substitute themby 
Se RAM nTcSor aU data inputs (RD for read access and WR and IN for write access), GATEs 
^ inserted between the input and the RAM function! Their E inputs are connected to the respective 
, ^ART inpu^the original pseudo-functions. If a RAM is read and written at only one program point, 
SILputoftheread 

I L single access a til = x; from Fig. 13 is transformed to the final CDFG shown in Fig. 5. 

. However, if several read or several write accesses <i. e. pseudo-functions from dMe^tpmgram ^ 
to the same RAM occur, the ERD or EWR events are not specific anymore. But a STAKT^ , evenr of 
the original pseudo function should only be generated for the respecnve program point, ue for the 
rent access This is achieved by connecting the START signals of all other accesses (pseudo^functions) 
oTmT^e^pelread or write) with the inverted START signal of the current access. The resul - 
L dgnTproouc« an event for every access, but only for the current access a 1-event This event is 
SoScombined with the RAM's ERD or EWR output The ECOMB's output will only occur ato 
rt^ccesTis completed. Because ECOMB OR-combines its event packets, only the current access pro- 
tce^ver^to^ 

^TsTaSL signal which produces a O^vent only after the current access is completed as required. 
For several accesses, several sources are connected to the RD, WRand IN inputs of a RAM. This disables 
&e self-synchronikation. However, since only one access occurs at a time, the GATEs only allow one 
data packet to arrive at the inputs. 
* For read accesses! the packets at the OUT output face the same problem as the ERD event packets: 
Sey^ur for every read access, but must only be used (and forwarded to subsequent opemtenO for 
2 current access. This can be achieved by connecting the OUT output via a . ™^SSi35l 
output of theDEMUXis used, and theXoutput is left ™<^^ ^^^SEl^rvtl 
only forwards packets if its SEL input receives a 1-event, and discards its data input if SEL receives a 
^veTrnTsigtal created by the ECOMB described above for the STABT^ signal creates a Invent 
for the current access, and a 0-event otherwise. Using it as the SEL input actueves exactly the desned 
functionality. 

Fig. 4 shows the resulting CDFG for the first example above (two read accesses) 
Herniations of Phase 2 to Fig. 12. STOP1 is now generated as follws: START(old) is mverted, 
"2 to 1 connected" to STOP1 (because it is the START input of the second read pseudo-funcuon), 
ECOM^-c^ibined with RAM's ERD output and sent through the '^^^ZZ 
tion. START(new)is generated similarly, but here START(old) is directly used and STOP1 ^ttLThe 
GATES for input W 0 and j) are connected to START(old) and STOP1 , "^^^^0 
functions for outputs x and y are connected to the ECOMB outputs related to STOP1 and START(new). 
Multiple write accesses use the same control events, but instead of one GATE per acce^ord^ RD 
inputs, one GATE for WR and one gate for IN (with the same E input) are used. The EWR output is 
processed like the ERD output for read accesses. 

This transformation ensures that all RAM accesses are executed correctly, but it is not very fast since read 
or write accesses to the same RAM are not pipelined. The next access only starts after the previous one 
is completed, even if the RAM being used has several pipeline stages. This inefficiency can be removed 
as follws: 

First continuous sequences of either read accesses or write accesses (not mixed) ^within a basic *ta* are 
detected by checking for pseudo-functions whose U output is directly connected to the START input ot 
Lm^pseudo-function if the same RAM and the same type (read or write). For these sequences, it is 
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possible to stream data into the RAM rather than waiting for the previous access to complete. For this 
purpose, a combination of MERGE functions selects the RD or WR and IN inputs in the order given 
by the sequence. The MERGES must be controlled by iterative ESEQs guaranteeing that the inputs are 
only forwarded in the desired order. Then only the first access in the sequence needs to be controlled by 
a GATE or GATEs. Similarly, the OUT outputs of a read access can be distributed more efficiently for 
a sequence. A combination of DEMUX functions with the same ESEQ control can be used.(JHs most 
efficient to arrange the MERGE and DEMUX functions as balanced binary treesj 

The STAKTnew signal is generated as follows: For a sequence of length n, the START signal of the 
entire sequence is replicated n times by an ESEQ[00..1] function with the START input connected to 
the sequence's START. Its output is directly "N to 1 connected" with the other accesses* START signal 
(for single accesses) or ESEQ outputs sent through 0-CONSTANT (for access sequences), ECOMB- 
connected to EWR or ERD, respectively, and sent through a 1-FDJTER/O-CONSTANT combination, 
similar to the basic method described above. Since only the last ESEQ output is a 1-event, only the 
last RAM access generates a ST ART new as required Alternatively, for read accesses, the generation 
of the last output can be sent through a GATE (without the E input connected), thereby producing a 
STARTnew event 

Fig. 14 shows the optimized version of the first example (Figures 12 and 4) using the ESEQ-method for 
generating STARr new% and Fig. 6 shows the final CDFG of the following, larger example with three 
j array reads. Here the latter method for producing the STABT new event is used. 

x - a[i]; 
y - a[j]; 
z = a[kl; 

If several read sequences or read sequences and single read accesses occur for the same RAM, 1 -events 
for detecting the current accesses must be generated for sequences of read accesses. They are needed 
to separate the OUT-values relating to separate sequences. The ESEQ output just defined, sent through 
a 1-CONSTANT, achieves this. It is again "N to 1 connected" to the other accesses' START signals 
(for single accesses) or ESEQ outputs sent through 0-CONSTANT (for access sequences). The resulting 
event is used to control a first-stage DEMUX which is inserted to select the relevant OUT output data 
packets of the sequence as described above for the basic method. Refer to the second example (Figures 
• 15 and 16) in Section 43 for a complete example. 

4.2.8 Input and Output Ports 

Input and output ports are processed similar to vector accesses. A read from an input port is like an 
array read without an address. The input data packet is sent to DEMUX functions which send it to the 
correct subsequent operators. The STOP signal is generated in the same way as described above for 
RAM accesses by combining the INPORTs U output with the current and other START signals. 

Output ports control the data packets by GATEs like array write accesses. The STOP signal is also 
created as for RAM accesses. 
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43 More Examples 

Fig. 7 shows the generated CDFG for the following for loop, 
a = b + c; 

for <i=0; ~i<=10; i++) { 
a - a + i; 
x[ij = k; 

> 

In this example, INI = {a} and JN2 - {*} (c£ Fig. 10). The MERGE function for variable a is 
replaced by a 2:1 data connection as mentioned in the footnote of Section 4.2.5. Note that only one 
data packet arrives for variables b, c and k, and one final packet is produced for a (out), forbody does 
not use a START event since both operations (the adder and the RAM write) are dataflow-controlled 
by the counter anyway. But the RAM's EWR output is the forbody's ST ART new and connected to 
CNTs NEXT input Note that the pipelining optimization, cf. Section 4.2.6, was not applied here. If it 
- is applied (which is possible for this loop), CNTs NEXT input is not connected, cf. Fig. 11. Here, the 
loop iterations overlap. START new is generated from CNT's U output and forbody's START new (i. e. 
RAM's EWR output), as defined at the end of Section 4.2.5. 
I The following program contains a vectorizable (pipelined) loop with one write access to amy (RAM) x 
I and a sequence of two read accesses to array (RAM) y. After the loop, another single read access to y 
occurs. 



z « Of- 
fer (i=0; i<=10; i++) { 
x[i] = i; 

z « z + y[i] + y[2*i]; 

} 

a - y[k]; 

Fig. 15 shows the intermediate CDFG generated before the array access Phase 2 transformation is ap- 
plied. The pipelined loop is controlled as follows: Within the loop, separate START signals for write 
accesses, to x and read accesses to y are used. The reentry to the forbody is also controlled by two in- 
dependent signals ("cycler* and "cycle2"). For the read accesses, "cycle2" guarantees that the read y 
accesses occur in the correct order. But the beginning of an iteration for read y and write x accesses is 
not synchronized. Only at loop exit all accesses must be finished, which is guaranteed by signal "loop 
finished". The single read access is completely independent of the loop. 

Fig. 16 shows the final CDFG after Phase 2. Note that "cyclel" is removed since a single write access 
needs no additional control, and "cycle2" is removed since the inserted MERGE and DEMUX functions 
automatically guarantee the correct execution order. The read y accesses are not independent anymore 
since they all refer to the same RAM, and the functions have been merged. ESEQs have been allocated 
to control the MERGE and DEMUX functions of the read sequence, and for the first-stage DEMUX 
functions which separate the read OUT values for the read sequence and for the final single read access. 
The ECOMBs, 1 -FILTERS, 0-CONSTANTs and 1 -CONSTANTS are allocated as described in Section 
4.2.7, Phase 2, to generate correct control events for the GATEs and DEMUX functions. 
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Claims 

5 1. Method of simultaneously operating a sequential proces- 
sor and a recortf igurable array wherein data are trans- 
ferred into said reconf igurable array from a data cache 
to said array and wherein results produced in said array 
from said data are written to a destination. 

10 

2. Method according to claim 1, wherein said destination is 
placed upstream the arithmetic unit of said sequential 
processor. 

15 3. Method according to the previous claim, wherein the data 
output from said reconf igurable array is, at least in 
part, fed into the data path of said processor unit 
downstream the decoding circuitry of said processing 
unit. 

20 

4.. Method according to any of the previous claims, wherein 
the arithmetic logic unit of said processor is adapted 
to perform at least one operation on said data outputted 
from said reconf igurable array.. 

25 

5. Method according to any of the previous claims, wherein 
the arithmetic-logic-circuitry comprises circuitry for 
multiplication and/or division and/or in particular said 
operation performed on said data outputted from said re- 
30 configurable array comprises a multiplication and/or di- 

vision and/or norming. 
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Method according to any of the previous claims, wherein 
said data outputted from said reconf igurable array is, 
preferably selectably writable to a memory location 
other then said cache and/or the register of said se- 
quential processing unit. 

Method according to any of the previous claims, wherein 
said destination is downstream of the arithmetic logic 
unit and/or upstream of the cache coupled to said 
processing unit. 
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